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A.  Surface  Acoustic  Wave  Studies 


T.  INTRODUCTION  = 

Studies  of  the  effects  of  energy  deposition  on  piezoelectric 
substrates  (both  uncoated  and  coated  with  silicon  thin  films)  have  been 
performed  using  several  different  techniques  for  the  analyses  of  the 
ohenomena  occurring  during  energy  deposition  and  the  subsequent  material 
property  changes.  An  outline  of  the  details  of  these  studies  now  follows; 

1)  Forms  of  energy  deposited; 

a.  Energetic  ion  beams  (40  to  120  keU > 

b.  Visible  laser  light  <0  to  3  watts) 

2)  Substrates  (piezoelectric); 

a.  Lithium  niobate  (uncoated) 

b.  Quartz  (uncoated) 

c.  Lithium  niobate  (coated  with  a  polycrystal  1 ine 

s 1 1  icon  thin  Film) 


d.  Quartz  (coaled  with  a  polycrystal  1  me  silicon 
thin  film) 

e.  Silicon  on  sapphire  (not.  p  iezoel  ectric  > 

3)  Analytic  techniques; 

a.  The  a t t enuat i on  of  surface  acoustic 
waves  (S.A.U.s  -  200  MHz)  measured  in  situ 


during  energy  deposition 

b.  The  ittcnuation  of  S.A.W.s  as  a  function  of 


t  emper  ature 

c.  The  analysis  of  implant  damage  using- 


-5- 


i.  Rutherford  Back  Scattering 

ii.  Electron  beam  microprobe  analysis 
in.  X-ray  diffraction  studies. 

To  one  degree  or  another,  all  of  these  measurements  represent  initial 
studies  of  these  systems.  In  some  cases,  tentative  remarks  about  the 
phenomena  being  observed  may  be  advanced,  but  additional  work  must  be 
carried  out  to  remove  the  speculative  nature  of  these  remarks.  In  any 
event  more  work  remains  to  be  done;  further  studies  are  being  carried  out. 
II.  EXPERIMENTAL  OBSERUATION; 

1.  In  Situ  Ion  Implantation  Studies  Using  Surface  Acoustic 

Wave  Attenuation. 

The  effects  of  energetic  ion  beams  (ion  kinetic  energies  in  the  range 
of  40  to  120  keU;  most  studies  at  100  keU >  on  tne  surface  properties  of 
piezoelectric  substrates  have  been  conducted  using  the  attenuation  of 
s. r  face  -<coi:stic  waves  as  a  probe  of  the  changes  to  the  surface  of  the 
sample.  Nearly  all  of  the  energy  associated  with  the  E.A.W.  is  confined  to 
within  one  acoustic  wavelength  of  the  surface  (typically,  a  distance  of  10 
micrometer-0,  and  hence  these  waves  are  well-suited  to  study  ion 
imp lantat i on- induced  surface  changes.  The  substrates  have  been  the 
piezoelectric  materials,  quartz  and  lithium  niobate.^-  (While  these 
materials  sre  interesting  technical  substances  in  their  own  right,  their 
piezoelectric  properties  were  important  to  the  fabrication  of 
S.M.U,1.  transducers.  )  In  our  studies  the  implanted  regions  of  these 
materials  were  both  uncoated  and  coated  with  a  thin  film  of  polycrystalline 
silicon.  Preliminary  studies  have  been  carried  out  with  a  number  of 
different  ion  species  (argon,  boron,  chlorine,  phosphorous,  oxygen);  the 
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majority  of  cases  were  done  with  argon  ions  because  of  the  chemical 
inertness  of  argon  and  its  moderate  penetration  depth.  Several  runs  were 
dona  using  phosphorous  ions  because  of  their  chemical  reactivity.  Typical 
ion  current  densities  were  estimated  to  be  about  S*10,'<-6)  A/cm^Z  , 
although  some  runs  were  done  with  ion  current  densities  on  the  order  of 
E«10'(-7)  A/cmA2  . 

The  acoustic  attenuation  apparatus  we  use  measures  the  change  in 
attenuation  versus  time.  What  is  seen  for  uncoated  samples  is  an  increase 
in  attenuation  (a  decrease  in  the  received  acoustic  signal)  upon  beginning 
the  ion  implant,  followed  by  a  partial  recovery  of  the  acoustic  signal  upon 
ceasing  the  ion  implant.  (See  Figure  1.  )  This  is  to  be  contrasted  with 
uhet.  is  seen  for  samples  with  silicon  thin  films.  At  the  very  beginning  of 
the  ion  implant  (e.  g.  no  prion  implantation  has  taken  place),  a 
phosphorous  beam  of  about  6*10"<-6)  A/cm,'2  at  100  keU  produces  a  large 
about  20  dB/cml,  rapid,  permanent  increase  in  the  attenuation.  (See 
Figure  2.)  The  po  1  v  cr  y t  a  i  l  i  ne  silicon  film/piezoelectric  substrate 
c  omt;  i  nat  l  ■■'r  appears  tr  be  quite  sensitive  to  ion  implantation.  Upon 
-  e  f  1 1  m  i  g  i  on  implantation,  the-e  is  an  tr.it:  a  1 ,  modest  increase  in  the 
atte-.i-i!  on,  followed  q.jicV  1  y  by  a  partial  recovery  in  the  acoustic 
e,nnal.  Upon  ceasing  the  .  n  implant,  there  is  a  prompt,  sizable  increase 
•  t  accjstir  attenuation,  with  the  increased  attenuation  being 
p?'*wren‘  .  'See  ^lqi.re  d.  i 

These  phenomena  are  dependent  on  the  several  variables  in  this 
e  •  f  —  ■ :  n»nt  ir,r  t  .  net  ;c  energy,  ion  current  density,  implant  history,  ion 
cpertes,  sample  s.ibs1  ate  It  has  not  been  possible  to  vary  all  of  these 


aramnterfi  in  a  systematic  manner  *o  obtain  a  definitive  picture  of  what  is 


happening.  However  in  sec  t  1  on  III,  severa  1  tentative  model's  are  proposed 
based  on  the  above  observations  and  those  presented  in  section  2  below. 

2.  In  Situ  Laser  Illumination  Studies  Using  Surface  Acoustic 
Wave  Attenuation. 

Most  of  the  S.A.W.  samples  also  have  been  exposed  to  intense 
monochromatic  laser  light.  The  variables  in  this  case  are;  substrate 
material  (quartz  or  lithium  niobate);  the  surface  is  uncoated  or  coated 
with  silicon;  the  illuminated  region  was  previously  implanted  or 
u  r; . mp 1  anted ;  light  intensity;  light  wavelength;  light  Intensity  constant 
; DC  1  or  chopped  at  440  Hz  (AC).  As  before,  it  has  not  been  possible  to 
adjust  all  of  the  variables  to  a  sufficient  degree  so  that  a  concise 
picture  emerges.  However  some  remarl  s  about  phenomena  observed  may  be  made 
and  some  tentative  conclusions  drawn  (see  below  and  section  III). 

In  the  case  of  uncoated  samples,  the  unimplanted  regions  are  clear  and 
absorb  very  little  of  the  light,  a  small  fraction  of  the  light  is  reflected 
at  the  surface,  due  to  the  change  in  refractive  index  (air  to  crystal  )  and 
fr cm  the  aluminum  amp.e  Ho ! der  beneath  the  sample.  As  might  be  expected, 
little  change  in  the  acoustic  attenuation  is  seen  upon  starting  or  ceasing 
;  1  1  im  t  na  t.  i  on  of  th>-  acoustic  path.  However,  there  is  some  evidence  of  a 
rapid,  sm.,1!  loc-ease  in  the  attenuation  for  lithium  niobate  upon  starting 
t  hf:  1 1  lumi  not.  i  of*  of  the  sample,  which  suggests  as  opto-elastic  interaction 
-  pert. jos  s.c'.e  change  ;n  t  ne  elastic  constants  of  lithium  niobate  upon 
e  ■  ::  D'ure  t  ■_  1  i  ght  .  (  See  F  iqw~e  4  .  ) 

Tne  Implanted  regions  on  the  uncoated  substrates  are  darkened  by  the 
lor  implant,  and  abs  Tt  a  fraction  of  the  incident  light.  The  following 
da-,  or  tot  i  on  is  t  ■,  o,,l  of  wi.it  is  observed  upon  exposing  the  implanted 


region  to  laser  light  At  the  instant  the  optical  beamstop  is  removed, 
there  if-  a  rapid  (time  con:  tant  of  about  3-4  seconds)  but  moderate  (a  feu 
dB'cm  increase)  rise  in  the  :>  1 1  enua  t  ion ,  followed  by  a  very  small,  slow 
drift  upwards  in  attenuation  (this  latter  effect  appears  to  be  due  to  a 
heating  of  the  entire  sample).  Upon  putting  the  beamstop  in  front  of  the 
light  bvtam  there  is  a  similar,  rapid  (3  to  4  second  time  constant)  recovery 
of  the  acoustic  signal.  The  recovery  is  essentially  complete,  aside  from 
the  offset  m  attenuation  (of  a  feu  tenths  of  a  dB/cm  )  which  matches  the 
smaller  attenuation  increase  due  to  the  heating  drift.  (See  Figure  5.) 

It  is  possible  that  heating  of  the  entire  sample  affects  the 
attenuation  by  one  or  more  mechanisms;  1)  a  dependence  of  the  attenuation 
coefficient  of  the  implanted  region  and/or  the  bulk  substrate  on  the 
temperature  of  the  sample.  2)  a  detuning  of  the  resonant  structure  of  the 
S.A.W.  transducer.-  due  to  thenmal  expansion  of  the  sample.  In  any  event, 
if  i.'  a  fairly  small  effect  here.  The  more  prominent  effect  (the  rapid 
increase  in  attenuation  of  several  dB/cm)  may  be  due  to  a  rapid  temperature 
rise  due  to  heating  of  the  darkened  implanted  thin  layer  and/or  the 
generation  of  mobile  charge  carriers  in  the  implanted  region  by  the  light. 
The  temper ot  ,~e  rise  could  change  the  elastic  constants  of  the  implanted 
region  or  change  the  electrical  conductivity  of  the  thin  surface  layer. 

The  gnrerat ton  of  charge  carriers  would  also  be  expected  to  change  the 
e!e;tri,»]  conduct  1 vi t ,  of  the  implanted  region.  A  conducting  layer  cn  the 
surface  f  the  p  lecoeloc  tr  ic  subst-afe  might  be  expected  to  interact  with 
the  e 1 ectromagnet i  •'  componen*  of  the  traveling  acoustic  wave  and  damp  that 
wave  due  to  the  generation  of  Joule  heat  from  the  induced  currents.  Our 
nr*  cent  >  nab  i  1 1 1  to.  measure  acoustic  attenuation  at  several  acoustic 


frequencies  s imu 1 t aneou 3 1 y  or  to  measure  the  velocity  change  of  the 
acoustic  waves  precludes  resolving  the  question  of  which  model  is  correct. 

More  detailed  analyses  of  the  rise-time  of  the  acoustic  attenuation 
change  as  a  function  of  light  intensity  and  light  wavelength  shows  that  the 
risetime  (and  falltime)  of  the  attenuation  is  essentially  independent  of 
light  intensity  and  light  wavelength.  The  height  of  the  attenuation  change 
appears  to  be  a  linearly  increasing  function  of  the  light  intensity, 
although  there  possibly  is  a  threshold  of  a  small  fraction  of  a  watt/crTS; 
the  height  appears  to  be  independent  of  the  light  wavelength.  (See  Figure 
S.  ■  The  qua-tc  and  lithium  niobate  samples  coated  with  a  thin  film  of 
po 1 ycr , s t a  1 1 : ne  silicon  are  dark  gray,  hence  a  fraction  of  the  laser 
illumination  is  absorbed.  I r.  situ  acoustic  attenuation  measurements  of  the 
e  jects  nf  =tead..  ,  intense  light  (of  mtensit,  of  the  order  of  a  few  watts 
per  cm'  2:  show  a  similar  behavior.  Intensities  of  one  watt/cm,'2  or  greater 
shew  ,%  pcsiti  /e  change  ir.  attenuation  upon  exposure  to  light.  The  change 
in  attenuation  increases  with  increasing  intensity.  However  for 
ir.‘«nF  .hies  below  one  watc/cm'2,  there  is  a  negative  change  in  attenuation 
ucor  exp. '.sure  to  light.  it  is  possible  this  latter  effect  is  simply  due  to 
a  thermal  »  par  -.ion  from  heating:  the  device  is  tuned  through  a  peal  in 

the  r  e  s :  o  ■!  nee  cur  v»*  of  the  transducer  and  for  a  small  amount  of  heating  the 
sign-,!  improve'.  Houeve:  ,  l  he  effect  is  moderately  big  and  has  a  short 
time  constant  » a  f-  w  sc  cor-Js  > ,  which  would  tend  to  discount  detuning  from 
che-ma:  e  •  pans  i  -  n  ■>-,  t  he  cole  source  of  this  attenuation  change.  Further 
,,,Cri  rei'is  i  r  s  fo  tx  dorn-  to  determine  that  this  is  a  significant  effect. 

if  the  laser  !  i  gf  i  ;  chopped  (at  440  lie:  rather  than  held  steady,  and 
‘  *r  -.it  t  .  v  3 1  that  l  <lete  ted  ,s  the  rtf'  (.140  H.  >  modulation  that 


then  appear  3  on  an  otherwise  steady  RF  carrier,  a  small  but  measurable 
change  in  the  attenuation  is  seen  upon  exposure  to  the  chopped  light.  (See 
cigure  7.  )  Sc  far  our  observations  are  qualitative,  but  the  existence  of 
this  AC  effect  would  seem  .o  suggest  an  opto-electronic  interaction  rather 
than  a  purely  thermal  effect.  More  quantatative  measurements  need  to  be 
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III.  POSSIBLE  MODELS: 

There  ere  a  variety  cf  mechanisms  which  could  change  the  strength  of 
■‘e  received  RF  =.i,-i-al  at  the  RF  amplifier  and  thus  affect  the  reading  of 
t r.e  relative  attenuation  that  ue  measure.  Some  of  the  mechanisms  could  be 
due  to  significant  physical  phenomena  which  occur  in  the  acoustic  path  and 
ore  the  real  effects  we  are  locking  for.  Some  of  the  mechanisms  could  be 
due  to  changes  in  the  transducer  character i st i cs  or  shifts  in  the 
electronics,  hence  they  should  be  classified  as  spurious  effects.  Both 
real  and  spurious  effects  are  occurring  to  one  degree  or  another,  and  we 
’'.ill  row  attempt  to  separate  the  two  and  discuss  possible  mechanisms 
leading  to  the  real  effects. 

1  Spurious  Fffects. 

Du-  to  t. he  limitations  on  the  available  electronics,  what  is  measured 
is  a  change  m  the  attenuation  of  the  acoustic  signal  rather  than  an 
ah  ••  :  lute  insertion  loss.  As  a  result,  change  in  the  output  voltage  or 
frequency  ct  the  PF  signal  generator,  change  in  the  gain  or  tuning  of  the 
:-r  '-'reiver,  change  in  the  S.A.W.  transducer-  characteristic,  or  change  in 
t*-r  connect. ng  cables  (e.g.,  a  change  in  the  impedance  charact.erist  ic  at  an 
FT  •rector)  nil  show  up  is  change  in  the  received  signal  strength  through 
’J  -ample  channel  and  hence  as  an  apparent  change  in  the  relative 
.n  •»'!  ,et  i  m  of  the  sample  being  studied.  The  acoustic  properties  of  the 
temp  | ».  rf.g.in  might  not  ha .  e  changed,  although  t  ne  received  RF  signal  has 
•ra’  .ad,  her  a  ft  is  attenuation  change  is  described  as  spurious. 

"-aliabio  el*'- ironies  are  moderately  stable.  Small  shi  ft?  in  the 
Rc  output  cf  ‘he  c i gn.j !  generator  have  been  noted,  but  these  should  amount 
t  s  i.  or  |  f  {  f  d»  ;  t  *  •  1  or  two.  1  he  RF  frequency  is  usually 
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monitored,  and  while  there  are  small  shifts  in  RF  frequency,  these  would 
lead  to  a  small  drift  in  the  relative  attenua  ior,  of  a  decibel  or  two.  The 
receiver  c ha"ac t er 1 s t 1 c 5  are  more  difficult  to  account  for-,  but  tuning  and 
gain  appear  to  be  reasonably  stable.  The  interconnecting  cables  usually 
a •  er.’t  disturbed  during  a  run,  so  the  remaining  variables  are  the  behavior 
of  the  S.A.W.  transducers  and  the  sample.  Change  in  the  received  RF  signal 
that  appears  to  be  related  to  change  in  the  transducers  has  been  seen,  but 
it  is  difficult  to  account  for  just  what  is  causing  this  shift  in  signal 
level .  Change  tr  ihe  temperature  of  the  sample  changes  the  behavior  of  the 
transducers ,  bu*  net  in  a  predictable  manner.  One  measurement  of  the 
attenuation  change  as  a  function  of  temperature  showed  a  negligible 
it  t  on,,. it  i  on  shift  (aoout  l  dB  )  over  the  tempeiature  range  of  -50  Celcius  to 
+  50  Cr! -j  us .  Using  a  somewhat  different  technique  to  measure  attenuation 
change  i  r.  warming  from  +18  C  to  +50  C  yielded  an  increase  in  attenuation  of 
aboi.t  7  r)R  which,  remained  on  cooling  to  room  temperature.  Furthermore, 

'f;'  unirg  the  RF  oscillator  and  receiver  did  riot  change  the  received  signal 
much,  hence  we  were  left,  with  an  unaccounted  for  shift  in  the  transducer 

"  ‘-iraMiTir  *  i  r  . 

•  tore  ire  c+  evidence  which  suggest  that  most  of  the 

•  i-ge  i  -•  i  *  t,  *> '  uo  t  i  or  -.eer.  during  ion  implantation  and  exposure  to  light  is 
•'  5p-Jr  it  i  s  the-mal  effects.  The  first  observation  involves  the 
■-  '  •  le^uei*  i  vn  r  +  a'-ge  as  a  function  of  the  absented  rower  in  the 

.  1  .  '  ’  .  ,  h  t  h  •’  .s»- .  rhe  total  i  on  ",rrent  reaching  the  ..ample  is 

‘  •  •  .  -  a  '  -e  m :  r -it.=i"rc  <  an  elerated  acres:  <i  potential  different.  of  100 

1  1  *  n  i  -.  •  •  •  n-.por-  •  .  t-  jr  incident  power  of  0.1  watts  reaching  the  >amnle 

n  1  ace  -  the  ;  n  t  t  ■  ?  t  t enua t  i  c-n  changes  have  been  as  great  a  a  10  to 
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ACOUSTIC  ATTENUATION  CHANGE 
VERSUS  LIGHT  POWER 


Figure  6 
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ACOUSTIC  ATTENUATION 
VERSUS  TIME 


F i gure  5 


attenuation,  dB 


«  ■  ■  ■  i. 1  M  Km  «  ■  K ■  U’  ■!"  K  ■. 


-23- 


ACOUSTIC  ATTENUATION 
VERSUS  TIME 


o.  20- 

m 

0.  15- 
0.  10  - 


••••* 

\ 

1  ight  off 


lithium  niobate 
uncoated 

un implanted  region 
1  aser  i modi  at  i  on 


0,  05  4 


light  on 


-0.  05 


t - 1 - ' - 1 - 1  i - r - 1 — 

0  10  20  30  40 


50  60 


time,  seconds 


Figure  4 


ACOUSTIC  ATTENUATION 
VERSUS  TIME 


lithium  niobote 
with  si  1 i con  1  ayer 
ion  implantation 


'^ion  beam  off 


^ion  beam  on 


attenuation,  dB 


v '  r  *  v  ,■  ■  ’  Lm  ’  i* w v vr  y?  y '  y 1  y 1  y?  'J1  ?  g"?  \r  ■  g?  w  1  j*.1  v* y 


T  sr* ;  j  j  +~z  ■* 


ACOUSTIC  ATTENUATION 
VERSUS  TIME 


R 


20 


16* 

12- 


lithium  niobate 
with  si  1 i con  1  ayer 
ion  implantation 


81 


•ion  beam  on 

*r 

- 1 - 1 - 1 - 1 - 

L  0  10  20  30  40  50  60 

time,  seconds 

i 


Figure  2 


•  — »- — ^  -i- >  -  «.•_  >  -  j — --- iT.  i i-  i- 


i 


ACOUSTIC  ATTENUATION 
VERSUS  TIME 


lithium  niobate 
uncoated 


ion  implantation 


i  on  beam  off 


ACOUSTIC  ATTENUATION 
VERSUS  TIME 


l i thi um  ni obate 
ion  beam  on  u ncoated 

ion  implantation 


i - 1 — — ~  i  r  -  1  i  « 

200  400  600  800  1000 

time,  seconds 


by  the  small  energy  deposition  near  the  interface  of  a  mixing  beam. 

The  above  is  a  very  brief  summary  of  the  results  which  are  described 
more  fully  in  the  resulting  publications  included  in  Section  D.  Further 
studies  of  compound  formation  for  the  Cr-Si  system  and  of  the  detailed 
structural  properties  of  the  metallic  aluminum  located  within  the  silicon 
are  in  progress. 
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u 1 t ra-c 1 eari  vacuum  environment  during  ion  implantation  is  being  constructed 
and  wit  1  be  placed  into  service  in  a  couple  of  months.  This  cleaner 
envirsnmen*  u.- 1 1  L  Help  to  reduce  surface  contamination  during  icn 
imp  lantat  i<-n  and  Hence  help  us  better  characterize  the  changes  induced  in 
our  samples.  Finally,  improvements  in  the  acoustic  attenuation  measuring 
apparatus  are  planned;  one  addition  will  allow  us  to  measure  acoustic 
attenuation  changes  at  two  different  frequencies  simultaneously  and  hence 
we  s n a  1 1  be  better  able  to  compare  experimental  results  with  theory. 

B.  Ion  Beam  Mixing,  Profiling  and  High  Dose  Implantation  into  Silicon 
Our  initial  studies  focused  on  ion  beam  mixing  of  thin  films  of 
aluminum  which  were  deposited  upon  several  orientations  of  single  crystal 
silicon  substrates.  Intermixing  la  demonstrated  which  appears  to  largely 

2  3 

result  from  recoil  mixing.  Wuclear  resonance  profiling  was  used  to  study 
the  A1  depth  distribution  because  of  the  effects  of  strong  preferential 
sputtering  upon  the  SIMS  depth  profiles.  Studies  of  high  dose  implants  of 

botii  Or  and  Si  into  silicon  were  also  carried  out.  These  results  indicate 

4  3 

a  strong  dependence  upon  implantation  conditions  *  and,  in  the  case  of  Al, 
upon  the  silicon  target  orientation,'’  leading  to  specific  conclusions  about 
near  surface  distributions^’^  for  both  Cr  and  Al  in  silicon. 

Finally,  our  results  upon  the  effect  of  low  dose  ion  beam  mixing  upon 
the  unit  cell  geometry  of  Nb  films  deposited  on  silicon  indicate  a  clear 
dependence  upon  the  location  of  the  energy  deposition  with  respect  to  the 
niobium-silicon  interface.  These  initial  studies  suggest  that  some  of  the 
registration  mismatch  at  the  metal-silicon  interface  can  be  greatly  reduced 


niobate,  which  would  tend  to  -support  the  idea  cf  electromagnetic  damping  of 
acoustic  wai’.:3  here.  Still,  there  are  other  differences  between  quartz  and 
lithium  nictate,  such  as  the  thermal  expansion  coefficients,  which  might 
account  for  the  relative  size  oh  the  attenuation  change. 

Measurements  of  the  risetime  and  falltime  of  the  attenuation,  as  well 
as  the  sice  cf  the  attenuation  change,  upon  exposing  the  sample  to  the 
laser  light  or  removing  the  light,  indicate  that  the  riset ime/ fal It ime 
constants  and  size  of  attenuation  change  are  independent  of  the  wavelength 
of  the  laser  light.  The  r  set ime/ f al 1 t ime  time  constants  appear  to  be 
independent  of  the  absorbed  power,  but  the  size  of  the  attenuation  change 
depends  on  the  light  intensitv,  with  a  possible  small  threshold  of  a 
fraction  of  a  watt/cm  2.  (See  figure  6.) 

3>  Conclusions.  Qbservat ions . 

Me  have  demonstrated  that  it  is  possible  to  perform  in  situ 
measurements  of  the  effects  of  energy  deposition  by  ion  beam  and  laser 
light  using  surface  acoustic  waves  as  a  probe.  This  measurement  technique 
permits  uo  to  detect  changes  in  the  implant  region  during  energy  deposition 
down  to  a  time  ..sale  cf  the  order  of  one  second.  In  addition,  phenomena 
uc  u-^-ing  or  a  shorter  time  ...:<le  may  be  studied  by  chopping  the  energy 
be  »r  -*nd  u  •  i  ".g  loot-  in  detection  methods. 

7".  OTHER  MESSURlMENTo: 

don-a:  •  is t  ic  measurements,  such  as  Rutherford  Back  Scattering 
a-  1 1  ,  s  i  s  ,  Electron  Micrcprobe  Ana  1 v  s l s ,  and  X-Ray  Diffraction  Analysis, 

.-.11  pr  ■  .  de  independent  information  about  the  damage  done  to  the  surface 

of  cur  samples.  Se.eral  of  these  measurements  are  now  being  carried  out. 
lrMiticr,,  a  samp  1  ••  pumping  station  capable  of  placing  the  sample  in  an 
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the  density  of  the  material.  In  addition,  some  of  these  defect  centers  in 
dielectric  materials  may  be  electronically  active  and  interact  with  light 
and  the  electromagnetic  component  of  the  acoustic  wave  propagating  in  a 
piezoelectric  material.  Ion  beams  produce  sizable  attenuation  changes  in 
our  samples  which  are  more  or  less  permanent,  hence  we  believe  we  are 
observing  the  production  of  both  mechanical  and  electr ical ly  active  defect 
centers  during  in  situ  ion  implantation.  It  might  be  possible  to  separate 
these  defect  centers  if  we  had  access  to  S.A.W.  devices  on 
non-piezoelectric  substrates,  but  the  difficulty  in  fabricating  such 
devices  precludes  this  at  present. 

ii.  "the  Generation  of  Charge  Carriers.  By  contrast,  laser  light 
should  pi  educe  no  permanent  change  in  the  implanted  samples,  other  than  the 
possible  bleaching  of  color  centers  from  the  exposure  to  light  or  a  slight 
warning.  In  any  e-ent,  the  attenuation  changes  due  to  exposure  to  light 
appear-  to  be  fully  reversible  and  reprcduc ib le .  One  tentative  explanation 
for  this  reversible  attenuation  increase  on  exposure  to  light  is  the 
g-  ner  ■.  t  ;  on  cf  nob  1  1  e  charge  carriers  or  electronically  active  centers  which 
in  effect  change  the  conductivity  of  the  surface  layer  of  the  substrate. 

f.:ectronagn-:t  u  component  of  the  acoustic  wave  on  a  piezoelectric 
sub; ‘-ate  is  damped  by  this  conducting  layer.  Independent  confirmation  of 
th;s  effect  by  measuring  the  electrical  conductivity  directly  has  not  been 
made  and  would  be  useful.  As  mentioned  above,  studies  with 

l 

n .  i  r.ieroelsct:  ic  substrates  would  also  be  useful  However,  as  seen  in 
figire'--  3a  and  8b,  the  sice  uf  the  attenuation  change  is  smaller  in  quartz 
tt  an  in  l.t  hi  urn  -.irbate.  the  degree  of  electromagnetic  coupling  to 
mechanical  waves  in  quartz  is  substantially  smaller  than  it  is  in  lithium 
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3 1. 1.  enaa  1 1  on  rise  thin  the  ic  bean,  it  is  believed  that  this  effect  is 
fairly  snail. 

ii.  Temperature  Dependence  of  Intrinsic  ftttenuation. 

In  this  node!,  the  temperature  dependence  of  the  microscopic 
scattering  centers  (defect  centers,  charge  carriers  on  a  piezoelectric 
substrate)  producer-  an  attenuation  change  with  rising  temperature.  For  ion 
beams ,  most  of  the  kinetic  energy  of  the  ion  beam  is  deposited  in  a  layer 
about  100  run  deep;  similarly,  the  silicon  film  and  the  implant  damaged 
(darkened)  layer  are  of  this  order  of  thickness,  hence  t Vie  laser  light  is 
absorbed  in  a  layer  of  this  thickness  as  well.  The  conventional  acoustic 
attenuation  process  is  (he  interaction  of  the  acoustic  waves  with  the 
thermal  phonons  which  scatter  from  microscopic  defects  and  mobile  charge 
carriers.  Preliminary  measurements  of  the  intrinsic  temperature  dependence 
of  the  attenuation  of  the  several  samples  we  have  studied  (made  by  cooling 
and  heating  the  samples  'wer  a  temperature  range  of  -53  C  to  +50  C), 
sujucu-t  that  the  dependence  of  the  attenuation  on  temperature  is  fairly 
small,  although  this  mav  not  be  true  in  all  cases.  However,  because  of  the 
d- f f-Tunce  tn  the  size  of  the  attenuation  change  for  ion  beams  and  laser 
l  got  of  comparable  intensities  (discussed  above)  and  the  differences 
net  Mean  the  sire  of.  the  attenuation  charge  for  quartz  and  lithium  niohate 
:  rigu-es  8a  and  8b).  tins  appears  not  to  be  the  sole  machamsm  at 

hi.  M  i  -.ro-.-cop  i  ■  Scattering  Centers. 

Defect  Centers.  Tno  microscopic  changes  induced  by  an  energetic 
..a  impinging  on  u  iur  face  include  microscopic  mechanical  damage,  which 
■.  'tier  thermal  shore”.,  and  thence  acoustic  waves  due  to  i  nhomoQene  i  t  ies  in 
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20  aB.'cm.  This  power  is  to  be  compared  io  an  absorbed  incident  light  power 
of  about  0.2  to  0.4  watts  here  the  correspond i ng  attenuation  change  is 
typically  two  to  three  dB/o.m.  Since  the  attenuation  change  is  dependent  on 
more  than  the  incident  power,  mechanisms  other  than  pure  heating  are 
responsible  for  attenuation  changes.  The  second  observation  involves  a  run 
where  the  laser  light  was  shone  directly  onto  a  S.A.tJ.  transducer;  no 
change  in  the  acoustic  signal  was  observed,  even  though  the  black  wax 
acoustic  absorbtng  pad  directly  behind  the  transducer  appeared  to  have  been 
slightly  melted  in  the  process.  Thus  the  incident  intensities  being  used 
are  not  sufficient  to  detune  or  otherwise  affert  the  transducer 
character i st ics  grossly.  As  a  result  of  these  observations,  we  believe 
that  a  major  portion  of  the  attenuation  changes  seen  during  in  situ  energy 
deposition  are  significant  effects  which  can  be  used  to  better  understand 
phenomena  occurring  during  energy  deposition. 

2)  Some  Possible  Scattering  Mechanisms. 

a.  Thermal  effects 

A  consequence  of  energy  deposition  to  the  surface  of  the  sample  is  the 
generation  of  a  fairly  complex  temperature  di str lbut i on ,  with  the  exposed 
r  .r f ace  being  hottest  ind  the  bulk  of  the  sample  slowly  warming.  Several 
mechanisms  which  affect  the  attenuation  of  S.A.tJ. s  exist  and  may  be  active 

here  . 

i.  Thermal  expansion.  The  rectangular  region  exposed  to  the  laser 
.i-jht  or  ion  beam  will  be  warmed  arid  a  strain  field  will  be  produced  due  to 
thr-mai  expansion.  At  pr<  .,snt  we  do  no*  have  a  model  for  attenuation 
produced  by  mechanical  distortion.  However,  since  absorbed  light  of 
■rtrrsity  -V'ea'er  than  the  intensity  of  the  ion  beam  produces  a  smaller 
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Abstract 


acoustic  waves  (SAW)  during  ion  implantation. 


Phenomena  which  occur  at  solid  surfaces 
during  ion  implantation  and  the  short  term 
property  changes  which  result  during  this 
exposure  may  be  studied  by  sending  surface 
acoustic  waves  across  the  implant  region. 
Quartz  and  lithium  niobate  have  been  exposed 
to  100  keV  Ar+  ions;  later  these  implanted 
regions  have  been  studied  while  being  exposed 
to  intense  light  from  an  argon  laser.  The 
strength  of  the  received  surface  acoustic 
waves  is  attenuated  (by  over  20  dB  in  lithium 
niobate)  during  an  extended  exposure  to  the 
ion  beam.  Upon  ceasing  ion  bombardment  there 
is  a  fast  but  incomplete  recovery  of  the 
received  acoustic  signal  with  a  time  constant 
of  the  order  of  ten  seconds.  Laser  light  of 
comparable  or  greater  intensity  produces  a 
rapid  rise  in  attenuation  of  only  a  few  dR. 
with  a  rise  time  of  about  three  seconds.  F;  .»n 
ceasing  illumination,  recovery  is  similarly 
rapid  but  complete.  From  the  different  results 
produced  by  ion  and  light  beams  of  comparable 
intensity,  we  conclude  that  the  changes  in 
material  properties  which  are  being  observed 
are  produced  by  mechanisms  not  entirely 
thermal  in  origin. 


1 .  T  n t  rodur  t ion 


There  is  considerable  interest  in  the  phenom¬ 
ena  and  material  property  changes  associated  with 
ion  implantation.  A  wide  variety  of  probes  a. id 
techniques  have  been  applied  to  these  investiga¬ 
tions.  Since  the  phenomena  and  material  property 
changes  occur  at  or  verv  close  to  the  surface, 
surface  acoustic  waves  are  a  useful  tool  for  ex¬ 
tracting  information.  ^  ^ 

There  have  been  a  number  of  studies  of  the 
effects  of  ion  implantation  using  surface  acousti, 
waves,  but  only  the  references  bv  Valatka,  et  al., 
report  on  velocity  change  measurements  made  during 
the  implantation  process.  In  this  paper  we  present 
the  initial  results  of  measurements  of  the  atten¬ 
uation  change  of  200  MHz  (nominal)  surface 


2.  Experiment 


The  quartz  and  lithium  niobate  samples  were 
exposed  to  100  keV  Ar+  ions  in  the  ion  acceler¬ 
ator  of  Prof.  Howard  Hayden  at  the  University 
of  Connecicut.  The  attenuation  change  of  the 
SAWs  (at  a  radio  frequency  of  195  MHz  for  quartz 
and  215  MHz  for  LiNbOj)  was  determined  by  com¬ 
paring  the  relative  detected  voltage  height  of 
4 /jsecond-wide,  10  kHz  repetition  rate  nulses 
which  were  alternately  switched  between  the  im¬ 
planted  and  unimplanted  channels,  both  on  the 
same  sample.  A  PIN  diode  switch  transferred  the 
RF  between  the  two  channels  at  a  1  kHz  rate, 
controlled  by  the  reference  oscillator  of  the 
lock-in  amplifier;  the  voltage  height  of  the 
detected  RF  pulses  was  converted  to  DC  by  the 
lock-in  amplifier  and  measured  by  a  digital  volt¬ 
meter.  Either  the  difference  in  pulse  height 
voltage  for  the  two  channels  or  the  pulse  height 
voltage  of  one  channel  could  be  measured  during 
the  run.  These  measured  voltages  could  be  con¬ 
verted  to  attenuation  changes  using  an  earlier 
measurement  of  the  pulse  height  voltage  of  the 
unimplanted  (reference)  channel  alone.  Tantalum 
masks  were  used  to  define  the  geometry  (2  mm 
width  by  8  mm  length)  and  location  of  the  im¬ 
planted  region,  measure  the  incident  ion  current 
and  surpress  secondary  electron  currents. 

The  average  Ar+  ion  current  to  the  lithium 
niobate  sample  was  estimated  to  be  0.27+.05  uA; 
the  average  Ar+  ion  current  to  the  quartz  was 
estimated  to  be  0.75+.10  uA. 

Since  a  computer  was  not  available  to  record 
the  voltmeter  readings  continuously  during  ion 
implantation,  it  was  necessary  to  stop  the  meas¬ 
urements  to  record  the  voltage  readings  stored  in 
the  voltmeter's  memory  from  time  to  time,  hence 
there  are  portions  of  the  run  not  recorded.  Be¬ 
cause  of  a  short  which  developed  early  during  the 
quartz  implantation,  that  measurement  was  termi¬ 
nated  prematurely.  Those  portions  of  the  lithium 
niobate  and  quartz  which  had  been  exposed  to  the 
ion  beam  were  darkened,  indicating  some  form  of 
damage.  It  was  these  darkened  areas  which  were 
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exposed  to  intense  laser  beams,  as  reported 
be  L  ow. 


3.  Experimental  Results 


LiNb03 

Exposure  of  the  LiNbOo  to  an  Ar+  ion  beam  of 
particle  energy  100  keV  and  current  density 
1 . 7x10“ ^  A/m2  produced  an  increase  of  attenuation 
with  time.  The  response  of  the  sample  when  the 
beam  was  turned  on  was  dependent  on  its  previous 
ion  beam  exposure.  The  very  first  exposure  of  the 
sample  to  the  ion  beam  produced  a  gradual  in¬ 
crease  in  attenuation;  later  after  the  sample 
had  been  exposed  to  the  ion  beam  for  a  period  of 
time  and  then  allowed  to  partially  recover  in 
the  absence  of  an  ion  beam,  turning  on  the  ion 
beam  produced  a  rapid  increase  in  attenuation 
(with  a  time  constant  of  a  few  seconds),  followed 
!’•.  a  more  gradual  increase  in  attenuation.  This 
trend  is  shown  in  Figure  1.  Times  shown  are  not 
absolute  hut  are  from  the  start  of  that  partic¬ 
ular  period  of  the  measurement.  Due  to  experi¬ 
mental  difficulties  in  establishing  the  beam  on 
the  sample  at  the  beginning  of  the  experiment, 
the  verv  earliest  time  is  not  shown. 


Hgure  1  -  Attenuation  change  in  LiNbO  produced 

when  the  Ar  ion  beam  was  turned  on. 
Hie  sample  had  been  exposed  to  about 

3.hxl0  Ar  /m  prior  to  t=0  s. 


t 


1'pon  turning  off  the  ion  beam,  there  was  a 
similar  rapid  but  incomplete  recovery  in  the  sig¬ 
nal  amplitude  in  the  implanted  channel,  as  shown 
in  Figs.  2  and  3.  The  time  constant  was  on  the 
order  of  ten  seconds,  [n  detail,  the  value  of  the 
attenuation  at  beam  turn-off,  the  degree  of  re¬ 
covery  and  the  limiting  attenuation  value  were 
dependent  on  the  history  of  the  sample.  Our  over¬ 
all  attenuation  change  per  unit  length  (the 
length  of  the  implanted  acoustic  channel  was  8mm), 
of  about  30  dB/cm  measured  in^situ,  for  an  over¬ 
all  fluence  of  l.hxlO21  Ar+/m  ,  appears  to  be 
significantly  greater  than  the  attenuation  change 
reported  bv  1. arson,  et  al.,  for  Ne+  for  a 


Figure  2  -  Attenuation  change  in  LiNbO^  produced 
when  the  Ar+  ion  beam  was  turned  off. 
The  sample  has  been  exposed  to  about 

1.2x10^  Ar+/m^  prior  to  t=0  s. 


Figure  3  -  Attenuation  change  in  LiNbO^  produced 
when  the  Ar+  ion  beam  was  turned  off. 
The  sample  had  been  exposed  to  about 
21  +2 

1.6x10  Ar  /m  prior  to  t=0  s. 


corresponding  fluonco  ami  SAW  frequency. 

Note  that  for  an  intensity  of  the  ion  beam  of 
3  2 

1.7x10  W/in  (comparable  to  the  intensity  of  sun¬ 
light),  abrupt  attenua-tion  changes  of  4  dB  and 
greater,  and  an  overall  attenuation  change  of  a- 
bout  25  dB  were  produced.  By  comparison,  the  im¬ 
planted  region  of  the  lithium  niobate  was  exposed 
to  several  different  optical  wavelengths  (wave¬ 
length  of  515  nm,  A77  and  458  nm)  with  absorbed 
intensities  in  the  range  of  about  0.5  to  1.5xl04 
W/m2,  depending  on  the  maximum  power  available  at 
a  given  wavelength.  A  typical  attenuation  change 
curve  (A=51 5  nm,  I  about  1 0*  W/m2)  produced 

bv  turning  the  laser  light  on  for  about  40  seconds 
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is  shown  in  Fig.  4.  The  rise  and  fall  time  of  the 
attenuation  change  when  the  light  was  turned  on 
and  turned  off  wore  approximately  three  seconds, 
the  attenuation  change  was  about  4  dB,  and  the 
recovery  was  nearly  complete.  The  change  in  at¬ 
tenuation  was  found  to  be  proportional  to  the 
light  intensity,  but  showed  no  apparent  dependence 
on  the  wavelength  of  the  light.  The  rise  and  fall 
times  of  the  curve  appeared  to  he  independent  of 
both  the  intensity  and  wavelength  of  the  light. 
Recovery  of  the  signal  after  the  light  was  re¬ 
moved  was  virtually  complete. 


0  20  40  60  80  100 

TIME  (SECONDS) 


Figure  4  -  Attenuation  change  in  I.iNbO  upon  ex¬ 
posure  to  light  from  laser. 


ijuartz 

The  phenomena  we  observed  for  quartz  were 
qualitatively  similar  to  those  for  I.iNhO^,  except 
that  the  size  of  the  attenuation  changes  for  ion 
beam  exposure  and  laser  light  was  smaller.  Due  to 
a  short  in  one  of  the  tantalum  masks,  the  quartz 
implantation  ended  prematurely,  hence  the  overall 
fluency  was  about  10^1  Ar+/m^.  However,  the  ion 
beam  current  was  larger,  being  about  0.75  uA;  the 
ion  beam  intensity  was  about  4.7x103  W/m^. 

The  change  in  attenuation  for  quartz  during 
ion  implantation  is  shown  in  Fig.  5.  Note  that  the 
sample  already  had  been  implanted  briefly  just 
prior  to  the  time,  t=0  seconds,  in  Fig.  5.  The 
reason  for  the  one  dB  improvement  in  the  signal 
at  beam  turn-on  is  not  known  at  this  time. 

The  response  of  the  implanted  region  of  the 
quartz  to  laser  light  of  515  nm  wavelength  and 
an  estimated  absorbed  intensity  of  about  8x10^ 

W/m^  is  shown  in  Fig.  6.  This  change  in  attenuation 
for  quartz  was  substantially  less  than  that  for 
lithium  niohate  exposed  to  light  of  the  same  in- 
tens  i  t  v . 


4.  Conclusions 

There  are  various  mechanisms  which  we  are 
tempted  to  propose  to  account  for  the  attenuation 
changes  upon  exposure  to  the  ion  and  light  beams: 
tie  at  ing  due  to  energy  input;  density  and  elastic- 
constant  changes  due  to  the  damage  done  to  the 
lattice  hv  the  energetic  ions;  mobile  charge 


TIME  (SECONDS) 

Figure  5  -  Attenuation  change  in  quartz  produced 
when  the  Ar+  ion  beam  was  turned  on. 
The  sample  had  been  exposed  to  the  ion 
briefly  prior  to  t=0  s. 
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Figure  6  -  Attenuation  change  in  quartz  upon  ex¬ 
posure  to  light  from  laser. 

carriers  induced  by  the  charged  ion  beam  or  the 
laser  light.  However,  while  there  is  insufficient 
information  to  adequately  explain  in  full  the  ob¬ 
served  attenuation  changes,  we  may  draw  some  ten¬ 
tative  conclusions.  Since  the  laser  light  produces 
a  smaller,  reversible  change  in  the  attenuation, 
while  the  ion  beam  produces  a  larger,  permanent 
change  for  similar  intensities,  we  may  rule  out 
the  temperature  rise  as  the  sole  cause  of  the 
attenuation  changes  seen.  Also,  the  attenuation 
changes  are  larger  in  lithium  niohate  than  in 
quartz,  and  since  the  piezoelectric  coupling  is 
larger  in  lithium  niohate,  the  damping  of  the 
acoustic  wave  through  an  interaction  with  induced 
charge  carriers  is  suggested.  Further  experiments 
to  sort  out  these  various  possibile  mechanisms 
are  in  progress. 
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The  effect  c'f  high  energy  ion  bombardment  on  the  structure  of  sputtered 
niobium  films  has  been  studied.  The  1000  A  films  were  sputtered  onto  silicon 
substrates.  The  films  were  or  iented  with  a  [1 10]  fiber  texture  and  were  found  to  have 
a  monoclinically  distorted  cel!  characteristic  of  compressive  stress,  where  the  stress 
direction  is  parallel  to  the  film  surface.  Bombardment  with  300  keV  Xe  *  ions,  which 
for  the  most  part  did  not  reach  the  silicon  interface,  merely  expanded  the  volume  of 
the  distorted  as-sputtered  niobium  unit  cell.  However,  bombardment  wdth  600  keV 
Xe  '  ions,  which  have  a  mean  range  extending  to  the  interface,  relaxed  the  unit  cell 
toward  the  configuration  of  a  cubic  geometry. 


1.  INTRODUCTION 

Under  proper  conditions  of  pressure  and  other  experimental  parameters, 
^puttered  films  of'  metallic  elements  are  often  deposited  in  a  state  of  compressive 
stress1  4.  Several  mechanisms  have  been  suggested  as  contributing  to  such  stresses 
in  particular  cases.  These  include  argon  entrapment  during  sputtering2,  oxygen 
entrapment5  ''  and  "atomic  peening”  by  high  energy  metal  or  sputter  gas  atoms1,5,  . 
Hoffman  and  Thornton  discovered  a  sudden  transition  from  tensile  to  compressive 
'tress  when  the  ambient  pressure  was  lowered  past  a  threshold  value;  this  transition 
pressure  tends  to  increase  with  the  atomic  mass  of  the  sputtered  metal  and  may 
correlate  with  the  >nv  t  of  a  critical  energy  for  the  atomic  peening  effect. 
Subsequently.  Hoffman  aid  Gacrttncr8  simulated  the  effects  of  atomic  peening  by 
evaporating  chromium  concurrently  with  ion  bombardment.  They  found  that  the 
critical  ion  dose  for  a  transition  from  tensile  to  compressive  stress  i>  dependent  on 
the  momentum  m  the  bombarding  species,  as  well  as  on  the  substrate  temperature. 
F  inally,  in  a  recent  study  of  stress  modification  in  niobium  by  low  energy  ion 
bombardment  during  deposition,  Cuomo  et  ol.  '  separated  the  stress  modification 
effects  into  "impurity  controlled”  and  "structure  controlled"  regimes.  For  those 
films  deposited  at  highc  substrate  temperatures,  impurities  were  found  to  be  less 
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important  (liaii  stniLiin.il  modifications  oi  the  niobium  caused  In  ion  bombard¬ 
ment.  In  this  structure-controlled  regime,  bombardment  during  tormation  was 
found  to  change  tilm  stresses  in  the  direction  of  compressive  stress. 

f  rom  the  abow  d'seussion  it  mas  be  inferred  that  compressive  sti esses  can  be 
produced  bv  soir  •  aspect  ot  lire  sputtering  process  which  is  not  associated  with  the 
deposition  of  impurities  but  rather  with  a  mechanical  effect  of  the  bombardment 
Thus,  the  term  atomic  peening  has  been  coined1  '  The  nature  of  t lie  deformation 
which  is  associated  with  the  atomic  peening  process  is  not  understood  at  present, 
and  it  is  not  the  purpose  ot  the  present  paper  n>  speculate  along  these  lines  R  at  her. 
experimental  evidence  is  presented  here  which  indicates  that  it  is  possible,  under 
certain  circumstances,  to  relieve  Midi  compressive  stresses  bv  high  energv  ion 
bombardment. 

In  the  present  studv.  1000  A  films  of  niobium  were  sputtered  onto  silicon 
substrates  and  then  subjected  to  bombardment  with  Xe  ’  ions  hav  ing  energies  of  300 
and  600  keV.  Samples  were  characterized  bv  X-ray  diffraction  measurements,  both 
with  a  diffractometer  and  with  a  glancing-angle  Read  camera  In  addition. 
Rutherfo.d  backscattcring  measurements,  microprobe  analvsis  and  measurements 
of  the  resistive  superconducting  transition  temperatures  f  were  earned  out 
Rutherford  back  scat  ter ang  analysis  and  range  energv  calculations  indicate  ‘hat  ilic 
3fK)  kcV  Xe  *  ions  had  a  mean  range  of  about  475  A  and  for  the  most  p.,o  sopped 
within  the  niobium  films,  whereas  range  energv  calci.'atioris  mdr  tie  'ha;  the 
600 keV  Xe‘  ions  had  a  mem  range  of  rough!}  woo  \  and  caused  *  m'lucor'A 
mixing  w  ith  the  silicon  substrate  The  as-deposited  tihn-..  sputteivd  und.-. '  . .  ii.i.'i.  i, . 
corresponding  r>  the  structure-controlled  region  ot  Cuomo  <  / w.  •  .  •>  v 

X-rav  analvsis  to  be  iinder  compressive  stress.  I  he  hfu  ke\  Xe  ,  a,-  v  ■  ...  • 
embedded  in  the  niobium,  mc.eiv  expanded  the  volume  of  ol0  i.ru'  . 
having  much  effect  oil  the  oil  ;ts\nimefr>  I  he  mhi  ke\  Xe  •■...■  :-a 
however,  relaxed  the  ivobnmi  tow  ,ti\|  the  ei*nfig!ira.tii  ui  >!  leib,  .•  1 

2  i  xvi  rivu  \ r M  !>R< >(  iih  ri 


Tlie  films  were  deposited  bv  '  hi  ■*  sputtering  in  ,i  sample  c h.inioc  ••  pv  u 
with  a  liquid-nitrogen  e* u ie.!  of  d illusion  pump  Initial  bu *e  pressure  w  ,i  • , p\ a  h \ 
^  *'  10  forr  in  the  chain. s  r  nr.oi  t ■■sputtering  I  he  sputtering  paiarnvV'  w  .ac  .•* 
follows;  30  inin  pre-sputter  of  Oie  iiiobr.im  source;  suhstrafe  bias  ot  I  |o  \  i  l  a' go;, 
pressure  of  2  x  10  -  !  orr.  dcposMion  rate  m  '  A  >  1  .  substrate  temper  at  me  dm  me 
sputtering  of  about  »  !  h-  high  mbsi-  ite  trmpnati.re  as  well  as  the  applied 

bias  v i >lt age  reduce  the  sO*  f  mg  cOcHieim*  "f  o\ ■.  gen  and  improve  tilm  pur  e  ••  I  he  / 
value  ol  the  as-.'ep, 1  •  i  i  wa  ~k  whi  h  is  ,  !o*c  o*  the  bulk  \  due  « >|  u  2  k 

Ion  bombardment  on  !?'  :';er(o:d  bee1  .eaoc  rig  measurements  were  earned  on' 

using  the  beam  bo-  om  m-ho'i-e  Van  do  (Oaalf  generator  I  he  '(H)  keV 
bombardment  was  at  a  .  .u  ei  ;  ..eii-a'v  of  1  p  \  cm  :.  with  a  total  dose  of  about 
s  ions  cm  1  i  '  iuo.:idni  .oca  was  ipproximatelv  6  mm  •  1  mm.  The 

ni  h;  ke\  bomr.md  ...  mo  u  a  mu*  '■  smailrr  current  density  of  100  n.A  cm  .  with 
i  total  dose  o!  a1,  i  ;  s  .  |i  '  ion*,  i  m  *  I  lie  bombarded  area  was  approximated 

nin!  '  J  :n:l!  'h-  -  ; af'i  ’'Moa  >  ;  .ontac'  with  a  heat  sink,  and  with  this 
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arrangement  no  bet  at  .bo  ■■  a'liar  urn  mg  b  mb.irdment  was  measured,  using  an  IR 
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detector  oi  a  tlu  i  mo«.oup!c.  toi  bombardment  powers  much  greater  than  those  used 
in  the  present  e\pei intent  In  addition,  it  should  he  mentioned  that  the  themial 
expansion  mismatch  stress  contribution  for  niobium  deposited  onto  heated  silicon 
substrates  was  found  to  produce  tensile  stresses  by  t  uorno  e/  ul.  I  bus,  the 
compressive  stresses  observed  in  the  as-deposited  samples  studied  are  due  to  some- 
feature  of  the  sputtering  process  rather  than  differential  thermal  contraction  of  film 
and  substrate. 

Hectron  microprobe  analysis  was  carried  out  for  oxygen,  carbon,  argon, 
niobium  and  xenon  A  10  kV  electron  beam  potential  was  used  with  an  incident 
current  of  1x10  A  1  he  sample  tilt  was  20  with  respect  to  the  horizontal,  with  an 
X-ray  take-off  angle  of  45  .  The  electron  optical  column  ran  at  a  pressure  of  4x10  H 
I'orr  with  a  differentially  pumped  specimen  chamber  pressure  of  1  x  10  6  Torr. 
X-ray  peak  data  were  taken  with  a  wavelength-dispersive  spectrometer  with  the 
electron  beam  rastering  over  a  rectangular  pattern  measuring  1 50  pm  x  100  pm.  The 
peak  intensities  were  referred  to  pure  standards  where  possible.  However,  in  the  case 
of  oxygen,  magnesium  oxide  was  used,  and  for  xenon  and  argon  peaks  reference 
values  were  interpolated  from  measurements  taken  on  adjacent  elements.  The 
intensity  of  the  Si  K*i  X-ray  line  was  also  measured,  for  these  samples  as  well  as  for  a 
2000  A  niobium  film  on  silicon,  in  order  to  obtain  information  on  the  attenuation  of 
the  electron  beam  by  the  niobium  films. 

Our  quantitative  analysis  computer  program  for  analyzing  microprobe  data  is 
intended  for  use  with  bulk  samples  and  leads  to  errors  in  the  present  application. 
T  he  attenuation  of  the  O  Krx  and  C  Kot  lines  is  sufficiently  large  in  niobium  that  a 
1000  A  niobium  film  is  effectively  a  bulk  sample  as  far  as  these  elements  are 
concerned.  Since  the  Nb  Lrx  line  is  much  less  attenuated  than  the  O  Ks  or  C  Ka  lines. 
1000  A  of  niobium  does  yield  a  w  eaker  niobium  signal  than  would  a  bulk  sample  for 
the  electron  bombardment  conditions  used.  Thus,  the  bulk  analysis  routine  tends  to 
overestimate  the  concentration  erf  carbon  and  oxygen  relative  to  niobium  for  a 
10(K)  A  niobium  film.  In  addition,  as  pointed  out  by  Cuomo  et  al .\  oxygen  and 
carbon  concentrations  may  be  largely  surface  oxides  and  surface  carbon  so  that,  for 
this  reason  as  well,  the  values  given  should  be  regarded  as  upper  limits  on  the 
concentration  within  tfie  body  of  the  films.  The  oxygen  and  carbon  concentrations 
determined  by  mieroprobc  analyses  of  the  bombarded  specimens,  using  the  bulk 
sample  analysis  routine,  were  approximately  equivalent  to  atomic  fractions  of  0.1  for 
oxygen  and  0. 17  for  carbon.  The  oxygen  value  is  comparable  with  or  less  than  that 
obtained  by  Cuomo  cr  <//.',  although  the  measured  carbon  concentration  is  higher: 
as  argued  above,  these  microprobe  values  tend  to  overestimate  the  concentration  of 
these  impurities  within  the  film.  Although  quantitative  analysis  was  not  carried  out 
for  the  as-deposited  specimen,  a  comparison  of  X-ray  intensities  indicates  that  the 
oxygen  and  carbi  >n  impurities  in  the  as-deposited  specimen  were  somewhat  lower  in 
concentration  than  in  the  bombarded  samples.  Additional  evidence  that  the  bulk 
volume  of  the  lilnw  contains  less  oxygen  than  indicated  by  the  microprobe  results 
may  be  found  from  *  ho  measured  Tc  value  of  the  as-deposited  sample,  since  'f[  is 
depressed  by  about  0.0  k  per  atomic  per  cent  of  oxygen'*.  The  measured  value  of 
S  f  k.  which  i--  h.nvcr  than  the  bulk  7'c  value  by  0.6  K,  is  thus  consistent  with  an 
oxygen  concentration  of  only  0.7  al."0  in  the  as-deposited  film.  Tor  bulk  niobium, 
addition  of  1  0  at  O  expands  the  lattice  constant  by  0.005  A  '*,  a  result  which  is  not 
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inconsistent  will)  \  rav  1I1IV1  .kmoii  icsults  ohtained  in  l he  present  woik  I  mally, 
analysis  of  noble  uas  inclusion's  i  e  \  cals  that  argon  was  entra pped  in  the  samples  at  a 
concentration  ol  a  lew  tenths  <3  an  atomic  per  cent.  I  he  xenon  distribution  in  the 
300  keV  bombarded  sample  is  essentially  uniform  and  corresponds  to  about  twice 
the  a \ era ce  xenon  eoncenualnni  in  the  6(M)keV  sample,  in  agreement  with  the 
calculated  total  serum  dose,  i  he  xenon  distribution  in  the  000  keV  sample  varies  by 
about  a  factor  of  2  across  tlo  longer  sample  dimension.  Since  the  X-ray  dill'raclion 
data  discussed  I  tier  icpresent  an  average  sampling  of  the  bombarded  region,  the 
details  of  the  xenon  distribution  do  not  affect  the  conclusions  w  hich  follow. 

X-rav  measurements  were  obtained  using  a  diHractometer  and  a  Read  thin  film 
camera1"  1  lie  diffractometer  was  outfitted  with  a  copper  anode  X-ray  tube  and  a 
graphite  monochromator.  !  he  angular  accuracy  ol  the  diffractometer  was  checked 
using  the  (33!  I  icfkvtion  of  a  silicon  standard.  The  angular  error  is  quite  negligible 
compared  with  the  observed  peak  shifts  between  the  as-deposited,  the  300  keV 
bombarded  and  the  POO  ke\  bombarded  samples.  Most  of  the  error  in  locating  the 
positions  of  the  lather  broad  niobium  peaks  resides  in  uncertainties  in  determining  the 
precise  angular  position  of  peak  intensity;  the  observed  peak  shifts  due  to  stress 
effects,  howe'er  a:e  larger  than  all  errors  encountered  in  the  diffiactometer 
measurement.  All  Read  camera  exposures  were  carried  out  using  a  0.25  nun  beam 
collimator,  glancing  tingles  •>;'  Hi  or  20  and  either  a  copper,  cobait  or  iron  target 
X-ray  tube.  Read  camera  photographs  of  niobium  thin  films  were  measured  using  an 
optical  comparator.  Whereas  most  previous  investigators  of  stresses  in  sputtered 
films  have  measured  stre-.  >es  by  means  of  the  deformation  of  thin  substrates'  8.  in  the 
present  studv  the  deformation  .  f  the  unit  cell  is  measured.  For  this  purpose  the 
combination  of  Read  camera  and  diffractometer  results  was  used  to  yield 
information  about  the  iiuerplanar  spacing  ot  diffraction  planes  both  parallel  and  not 
parallel  to  the  him  surface 

3  Kt si  i  is 

Read  camera  photo.,  ruplts  of  all  samples  were  consistent  w  ith  a  |  110]  fiber 
texture  for  the  niobium  Unis.  with  the  fiber  axis  almost  exactly  normal  to  the  film 
surface.  All  ares  wets  indexed  and  related  to  inter planar  angles  using  established 
solutions  of  the  Read  camera  o  imdrical  diffraction  geometry1  ‘.  There  is  a  faint  arc 
in  the  1 1 10i  ring  >v  inch  indicates  a  slight  admixture  of  some  orientation  other  than 
j  I  10].  Ditlracfomev  .3  all  three  samples  were  taken  to  a  value  for  twice  the 

Bragg  angle  o|  g-'  1  1  :c  -■<.  -cans  revealed  niobium  (MO)  and  ( 220 1  reflections, 

consistent  with  tin  •  .  H! :  fibet  texture  revealed  by  the  Read  camera.  It  will  be 
'■  iuivemcm.  for  par1  •  . : ;  <’■,«.  e.sston  to  follow,  to  define  the  b  axis  of  the  niobium 

imt  cell  to  be  :  rmf.  •  he  him  surface,  a-,  is  indicated  m  Fig.  I.  1  hus.  the  set  of 
lowest  index  pi  .the-  pm:.:1.  :  .  M  -c  til  in  surface  will  from  now  mi  be  designated  ( 101 ) 

i  ather  than  lib 

In  addition  1  t-v  m  m  m.'hn.m  t  iHl)  and  <202i  reflections,  one  relatively  weak 
uiditionai  peal*  v.  a-  d  ■  ...  .•«!  a  ‘he  ditfractometer  '■cans  of  all  the  samples.  This  peak 
has  the  appear. 1  nee  ot  a ‘  v.h  angie  s;t»cllite  to  the  niobium  (202l  reflect  am  and  occurs 
a!  a  value  tor  tv>.\.-  :hv  B:  igg  ingle  ot  83.5  .  !  he  area  under  the  satellite  peak  is 
enhanced  in  the  bombarded  sample-,  and  the  peak  might  have  escaped  detection  for 


[ 'j>  2.  lnie:iMtii~-  of  the  l2i0*  ni.'hiuii,  retL'ction  for  samples,  denoted  600 keV  bombarded.  3(H) keV 
bombarded  and  as  depc.-:ted  IVak  hei^lis  are  normalized  to  the  same  height. 


the  ease  of  the  a  -depositee!  him  if  the  bombarded  samples  were  not  available  for 
comparison.  1  lie  source  of  the  satellite  peak  has  not  as  yet  been  identified.  Since  the 
emphasis  of  the  present  paper  is  on  the  effect  of  bombardment  on  the  majority 
niobium  phase  the  rest  of  th.„  discussion  will  concentrate  on  the  mam  niobium 
peaks  in  the  X-ia\  pattern. 

Diffractometer  scans  of  the  main  (202)  reflection  corresponding  to  as-deposited 
niobium.  e00  kc\  bombarded  niobium  and  600  keV  bombarded  niobium  are  shown 
in  Fig.  2.  In  the  figure,  the  peaks  are  all  normalized  to  the  same  maximum  intensity. 
The  value  tor  twice  the  Bragg  angle  which  would  correspond  to  unstressed  pure 
niobium  is  52. 7  This  value  corresponds  more  closely  to  the  position  of  the 
bombarded  600  keV  peak  than  to  the  (202)  peaks  in  the  other  samples.  In  addition, 
the  width  of  the  600  keV  (202)  peak  is  less  than  the  width  of  the  (202)  peak  for  the  as- 
deposited  film.  Fhe  maximum  intensity  of  the  300  keV  peak  is  significantly  less  than 
that  of  the  otlvr  peaks  in  the  non-normalized  data. 

figure  3  hows  >  Ruthertord  backscattering  spectrum  of  the  300  keV 
bombarded  specimen  .ompured  with  an  unimplanted  sample.  The  xenon  profile 
indicates  that  tin  pene;  onion  depth  of  xenon  is  about  400  A.  which  agrees  well  with 
theoretical  ranee  energy  calculations  of  the  mean  xenon  pcnetiation  depth.  For  the 
600  keV  bomb  *rded  '•ample,  range  energy  calculations  indicate  that  the  mean 
range  of  the  ven-.m  :  tv  .>  a .,  about  5bt)  A.  A  clear  xenon  profile  is  not  expected  in  this 
ea>c\  partial!'  ocean -v  die  u.ne!  from  xenon  ions  at  depths  beyond  550  A  will 
superimpose  on  tin.  -,.o  mu  "gna!  An  increased  spread  of  the  xenon  distribution 
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important,  in  'his  regard  The  Rutherford 
'■OR  kef  sample  is  shown  in  Fig.  4.  Further  analysis 
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Fig.  1 :  RBS  spectrum  of  A1  it-;  l.'.nte.l  into  Si 
( 1  :  lMl'Di’V)  . 

Fir.  I'eru-ns  t  r.it  >*:>  K S  spectra  of  inph  -ted  A1  in  Ft  j  100)  in  y 
tripled  Jiff  us  ion  pumped  system  with  a  tost  ."ate  of  j  Iti'1*"  ;ons/cm“ 
s.- ■■■  nr.. i  different  Joses.  Tt  cse  data  s u r-j [  that  as  : .he  Jose  of 
iirriantiit  inn  increases,  the  A1  concentration  profile  shi  its  to  a  greater 
d.-pt  ii.  For  doses  of  2  x  101,  ions, 'em  ,  A)  penetrate  :  to  a  depth  which 
i almost  twice  that  of  the  projected  range.  Two  x-ray  tines  which 
rorrr-.rind  to  (111)  arid  (JOfi)  A1  reflection-'  we »  t>  observed  at  intensities 
■  >  i ;  ■  e  t  •  s’  for  pnl  ycryst  a  1  line,  aluminum. 


fit  *  -  Si  ICO' 


lie.  i  :  M's  spectra  of  i  mp  1  a- :  •  1  At  into  51 1 
i'l’V)  . 


da-r-'T, -t  ".it':;  'H'.  results  of  A1  implant  c1  with  V  e  V  energy,  a 

lil'  ^  i  >  n  r  r  /  n  ‘  n!  l  Jose  r  ••  t  e  ’  A .  J  :■  10'  i  :  1.  ■  x  111 

ii:i  o  :  (  u«.  ,  I-J  hi  (!!•(•)  I.o-  !  •.  1-  Oil  •  MV  s'  .(■  -  riper  .’t  i  nv 

i.  rr.  As  is  shown,  M  •  .  i’  ..os  '■<  h  J  •••et  than  f"'e 

m  t  i.  pi.  j  s  t  iH  •  .in  it*  .  •'  •  hr  •  tir--nf-.it  i<  >  el  A!  e.iu’d 
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Since  the  production  of  an  oxygon-free  Ai-Si  interlace  is  normally 
very  difficult,  we  proceeded  to  prepare  Al-Si  fixtures  by  direct  high  dose 
implantation  of  A]  into  silicon.  Our  interest  in  this  work  was  enhanced 
because  of  recent  stimulating  work  on  metal-semiconductor  eutectic  systems 
[ 3-h ] .  For  some  of  the  metal -semiconductor  eutectic  systems  such  as  Au-Si 
and  Aii-Op,  metastable  phases  have  been  produced  by  splat  cooling,  laser  and 
ion  beam  experiments  (3,  7]. 

Therefore,  it  seemed  very  interesting  to  study  by  high  dose 
implantation  techniques  the  possible  existence  of  metastable  phases  in  the 
Al-Si  system  and  to  determine  the  dependency  of  formation  of  such  a  phase 
upon  contaminating  elements  such  as  oxygen.  Here,  we  report  preliminary 
results  of  the  first  part  of  this  study,  namely,  the  influence  of 
implantation  conditions  and  target  orientation  for  high  dose  implantation 
of  A!  into  Si  and  the  results  of  studies  by  RRS  ,  x-ray  d  i  f  f  rnc  t  onnt  r  v ,  and 
AFS.  We  are  ai.o^in  the  process  of  applying  nuclear  resonance  profiling 
Ctc':')  using  t  ha  ‘  '  M  (F,-)  "  Si  reaction  in  order  to  obtiin  additional 
i nf or:. a r  i on  on  the  depth  of  profile  for  A1  . 

rxi'fK  tv.  :  v 


•’ciisiied  iii'le  crystals  of  Si  with  fill)  md  (!•'(''  orientat  ions  were 
i  1  a  nr  ed  wit'"  1  • 1  i  keV  M  ions  bv  means  of  the  nigh  curie.it  inplanter  of 
The  iniversitv  -t  Connecticut.  During  in, pi  ant  at  ior.  three  parameters  wore 


v.ir  i  ed  : 

17  ]  v  .a 

(i)  d  >si  ,  r  ri'inp  from  1  x  10  to  2  x  10*  ions. 

*  13  1 4  > 

(  i  i  )  dost  r'te,  rang  ine  from  3  x  1 (1  to  1  >  l'i  i  int/cn"  sec 

(iii)  vac iiu-  conditions,  diffusion  pumped  vacuum.  system  with  and  without 

licui'1  T'itrogen  trap  (2-s)  x  10  1  Torr  and  a:,  ultra  high  vacuum 

(  I'M v  )  nvdiT  (?-'•)  x  10  ^  Torr 

Ciri"-  .  ,  !  vii  ti'”’  and  RBS,  samples  were  tilted  to  I'd’  trot  the  normal 
i :  :  i.-ni  .  .!  •  >a  i<  n  beam  and  were  fastened  to  tl.i  he  it  sink  with 

■‘ait  in  ,  t  ,  rills  (silver  paint).  The  temperafuie  -  f  s  ,ne  high  dose 
i  o.  implanfat Ions  was  monitored  and  no  r  i  a  in  •  irm-t  temperature  w>s 
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.  1  hi  '  i  r  a  t  es  the  RBS  results  tor  M  i  -  ;  1  ,  ■  1 1  •  •  1  Si  (.111/  samples 


diffusion  pumpoi^  system  (i'DhV),  w  i1  ll'1  keV  fncri'v  an^ 
i  •  |c*'  ions/cm*-  and  a  dos,  •  it.  .  t  •  ■  ■  x  In  *  iors/eit'* 
•or  the  '  ample  implanti  1  with  i  h”  ■’  ‘  '•  v  1*' 
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rep  art  the  pr  I  ini  nary  results  of  a  study  to 
(h  :  •  rni  ic  the  doper.der.ee  of  fie  near  surface  compos  i  t  i  on  and 
.fr.at'in  or.  total  d..se ,  dose  rate,  vacuum  rendition  ard 
sub  .t  rate  orientation  ft r  Al  implantation  into  Si  (111)  art: 

Si  (  !'/>.; )  with  d'.'.i-v,  nr  2.  x  10*  ions/rsi" .  Our  '-tud  I  is 
include  the  results  Rutherford  Back  Scattering  ( RHS ) , 

At.  a  r  h  1 "  t  ron  Spot:  t  rc  scor-y  (AF.S)  and  x-rav  diffraction 
■a.  astir.  ..ents  or  s.r  ples  implanted  with  a  It’*  1  keV  »-r.e rp-.y  in 
tl  i  f  f  us  i  on  pnripeii  vnci.'in  (!>PV  )  system  (10  h  Terr)  with  ■nnd 
•  •i  rhtiut  a  i  ,  tr,,p  ri.)  hi  art  ultra  high  vacuum  (CHV)  system  (2- 
)  >.  If'*  Torr . 

2 

Results  of  kith  oust  rate  (30  P A/cm  1  implantation  into 
'  i  fill)  in  in  uni  rapped  UPV  system  indicate  that  Al 
'■a  •  remit  os  witii  a  preferred  (111)  orientation.  For  a  dose 
of  :  x  10*^  ions/cn^  the  surface  is  Al-rjch  to  a  depth  of 
2 ' «> ’l 1 A  while  for  lower  doses  the  surface  is  silicon-rich..  A 
carbon  huilri-^ip  occurred  for  samples  prepared  by  lew  dose 
rate  (3  uA/crr)  irp  1  an  tat  ion .  However,  no  .-U  seereyc.^ion 
c'niltl  ho  observed  for  doses  of  less  than  10  ions /err.  A 
similar  behavior  has  Keen  observed  for  M  (  i'fO)  except  that 
Al  s.  reflation  occurs  with  i  pol  verysta  1 1  i  structure. 

“  ref."  r,  t  la-  .eflrc'Mte  !  Al  is  present  at  depths  creator 
tie  ;  tit-  ;.rt<  pec  *  oh  ranee  . 
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implantation  causes  Cr  atoms  to  move  toward  tin'  interface-  (as  well  as 
deeper)  and/or  the  C-Si/Si  interface  also  moves  to  the  Ci — rich  region 
because  the  surface  Si  is  consumed  by  the  Si.-C  reaction  as  well  as  by 
sputtering . 

1  ft 

Ascertain  doses  which  obviously  should  be  less  then  x  10 
ions/cm',  a  large  number  of  Cr  atoms  will  reach  the  interface  and  come  in 
contact  with  the  carbon  present  in  the  C  and  Si  region.  One  would  expect 
that  further  implantation  should  initiate  a  reaction  between  Cr  and  carbon. 
Very  recently  it  was  reported  that  chromium  carbide  was  formed  by 
implantation  of  Cr  into  the  CrFe  system  [9).  In  addition,  so-called 
vacuum  carbonization  [4]  is  cited  to  occur  for  pure  Fe,  h'i  and  Ta  by  a 
variety  of  ions  such  as  Ti+,  Ta+  and  Cr+.  Our  RBS  and  AFS  indicate  that 
carbon  occurs  more  readily  at  a  surface  rich  in  silicon  than  for  one  rich 
in  C r . 

However,  we  believe  that,  if  in  both  high  and  low  dose  rate 
implantation  a  uniform  C-Si  layer  is  created,  then  there  should  be  no 
difference  in  Cr  concentration  or  in  retention  for  a  relatively  high  dose 
implantation  because  sputtering  is  a  surface  phenomenon.  On  the  other 
hand,  If  islands  of  C-Si  are  formed,  we  believe  that  a  reduction  of 
sputtering  or  an  increase  in  retention  of  implanted  atoms  will  depend  on 
the  surface  concentration  of  these  islands.  More  islands  are  probably 
created  during  low  dose  rate  implantation  because  of  a  longer  implantation 
time.  The  low  dose  rate  implantation  time  was  about  50  times  that  of  the 
high  dose  rate  implantation  (Fig.  6). 

Because  of  the  lack  of  required  resolution  RBS  and  AF.S  techniques 
cannot  be  applied  in  order  to  verify  the  lateral  uniformity  of  implanted 
surfaces.  Therefore,  we  have  studied  samples  implanted  with  doses  of  3  and 
5  x  10‘  lons/cm"  by  scanning  electron  microscopy.  SEM  micrographs 
indicate  the  presence  of  light  spots  which  could  be  associated  with  exposed 
Si  surfaces. 

tsupported  by  the  Office  of  Naval  Research. 
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Assuming  the  validity  of  this  model  ,  twice  t  ho.  abso!  e.re  value  of  the 
slope  of  the  fitted  line  gives  the  sputtering  factor.  tie  can  then  conclude 
that  the  sputterin',:  factor  for  a  normal  incident.  Cr  b  with  100  keV 
energy  and  a  do.e  rate  of  6.2  x  10l  '  U  ns /cm4-  sec  -.hour  S  «  1.06.  This 
value  can  be  considered  as  the  lowest  linit  for  r  he  sputtering  factor,  if 
ramp:  shortening  1 8 1  due  to  previously  iinpl  anted  atoms  influences  the  range 
distribution  of  implanted  ions. 

1  7 

In  Fig.  1  the  profile  of  Cr  for  implantation  with  a  dose  of  3  x  10 
ions. 'em4-  is  relatively  flat.  Fig.  3  Indicates  that,  although  no  change  in 
R  can  he  observed,  the  value  of  straggling  increases.  Considering  Fig.  2, 
one  can  realize  that  the  Cr  concentration  is  comparable  with  CrS^* 

Fig.  £  show  ,  rh  it  by  Increasing  the  system  pressure  by  two  orders  of 
magnitude,  council t r  1 1 1  on  and  retention  of  implanted  atoms  increases  by  a 
f  tc  t  or  of  2  an.  3  respectively.  The  RBS  results  shown  in  Fig.  4 
1 1  <  first  rate  that  a:;  increase  in  the  concentration  and  retention  of  Cr  atoms 
i  *  a  1  wavs  .icema,;.  ,n i ,-d  by  the  presence  of  a  carbon  or  an  oxygen  peak.  These 
p.-iks  indicate  ti;p  airfare  of  these  •: .ample.;  possesses  large  amounts  of 
arbor;  or  a  yarn  d  •(  ending  on  the  surf. o'. •  composition  which  in  turn  is 
con t re  1  led  by  the  total  dose.  Fig.  4  demonstrates  in  addition  that  the 
our  surface  region  <f  samples  implanted  will-  doses  of  3  and  5  x  101  ions 
consists  predominantly  of  hi  atoms.  Moreover,  about  1.1  x  10  and  1.4  x 
1 ;  car  buns /err  are  present  in  the  surface  region  as  a  result  of 
implantation  of  3  and  3  x  in1'  iona/cm'-  respectively.  „0n  the  other  hand, 
for  implantation  with  a  tot  il  dose  or  1  x  101  ions /cm4-,  the  carbon  peak 
has  disappeared  and  appeal  1  oxvgen  peak  emerges  which  Corresponds  to  about 
3.1  x  10  oxygens/crv  . 

Two  mechanisms  can  hr-  responsible  for  the  introduction  c>f  oxygen  or 
carbon  into  the  surf'ni  e  sample:  f  i )  rfcoil  implantation  of  elements  of 
adsorbed  esidual  gas  and/or  (ii)  enhancement  of  th-  chemical  reaction  of 
surface  atoms  wirh  the  element,  of  adsorbed  residual  gas  i«  a  result  of  ion 
implantation.  It  is  well  known  that  during  implantation  the  surface 
impurity  is  recoil-implanted  into  the  target  f 3).  However,  as  can  be  seen 
from  rhi'  result  (Fir,.  4),  if  recoil  implant  if  h>n  is  responsible  for  the 
introduction  at  o.iv,  .  n  aid  carbon  in  our  -•  np vs ,  one  should  expect  both 
oxvgen  and  carbon  t.  be  present  in  large  rpant i t i os  at  the  same  time. 

.'n  the  otter  hand,  Fig.  4  suggests  that  when  curt, ice  targets  are 
;  r.  ■!.  i"  mant  1  v  i  ..r  t  iuit.'d  >f  Si  atoms,  a  carbon  bni  V.-jjp  occurs^  However, 
when  t  h.-  lose  of  I'-i-  I  e<fat  ion  was  incr>-  >•.,»,!  t  '  :  In'  '  ions/cr*4-,  mostlv  Cr 

at..-.  ;  e. ,  r  h-’.l  the  i  ■  r  t  ace  and  the  farboa  oeak  dis..p;  oared  ..'bile  an  oxygen 
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FIG.  1:  RBS  spectra  of  1.5  MeV 
H e+  for  Implanted  Cr+  into  Si  with 
100  keV  energy. 
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FIG.  2:  Concentration  and  retention 
curves  for  implanted  Cr+into  Si 
Ck  •  Implanted  in  I'HV  system 
q  :  Implanted  in  DFV  system 
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FIG .  3 :  Projected  range  (R  )  and  straggling 
(  Rp)  determined  from  the  data  of  Fig.  1  (FH\). 

tin'  surface  (Fig.  1),  and  the  concentration  is  less  than  .'.71  (Fig.  2).  The 
Cr-Si  phase  diagram  [hi  does  not  suggest  the  existence  of  anv  compounds 
with  Cr  concentration  of  «J27%.  It  therefore  •■■eons  possi  bio -that  the  zero 
order  approximation  modi  1  [7]  can  be  applied  to  ’ he  first  tour  data  points. 

In  zero  order  approximation  one  assumes  that:  ( i  I  range  distribution  of 
implanted  ions  is  not  influenced  by  atoms  previously  introduced,  (ii) 
surface  sputtering  is  defined  by  a  constant  tact  r,  (Hi)  the  rest  position 


3SNidX  d 
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(2)  a  beneficial  effect,  i.,e.,  the  production  of  a  protective  layer  from 
sputtering.  Indeed,  because  of  this  protective  layer,  we  have  been  able  to 
achieve  a  verv  high  concentration  (86%)  of  Cr  for  the  Cr-Si  system. 


EXi'KR  IMF'NTAI.  PROCEDURES 


Polished  single  crystals  of  Si  with  (111)  and  (100)  orientations  were 
•looted  with  energetic  Cr+  ions  ranging  from  40  to  160  keV  bv  means  of 


■  hi  h  current  tmplanter  of  The  University  of  Connecticut . 
ilanlation  three  oarameterx  were  varied: 


During 


cters  were 
n  1  x  1016 


Cose,  ranging  from  1  x  10  to 
dose  rate,  ranging  from  5  x  10^" 

\  a.-’inm  conditions.  I)?V  svstem  wit 


ions  /  ctrC 


ions/ctrP 


if  \ annum  conditions,  D?V  system  with  and  without  Jitjaid  nitrogen  trap 
(I-'O  x  10"6  Torr  ar.d  an  irHV  system  (2-4)  x  10~rf  Torr 
•  i  ng  imp !  ai.tar  lot.  ml  RRC. ,  samples  were  tilted  to  10°  from  the  normal 
Pierre  of  ion  beam  and  we^e  fastened  to  the  heat  sink  with  conducting 
.  t  inis  / si  1 ver  paint).  The  tenperature  of  some  high  dose  rate 
il.inr  ci  .ns  was  r.oi-i  t  or-  >i  and  no  rise  in  target  temperature  was  observed. 


E’-  t'r.R  lMPf.’TA’.  RESn.fS 


Kig.  I  de-onstrntes  the  RB.s  spectra  of  implanted  Cr  into  Si(100)  with 
i',n  ki  energy  and  a  Jose  rate  yf  6.2  x  I0‘ J  ions /ca^  sec  and  doses  ranging 
from  2.3  '  10l  t o  1 0 1  ions/cm“  in  a  tUV  system  operating  at  a  pressure  of 
about  (2-4)  ■<  in”  lorr.  Cr  concentration  at  the  maximum  for  each 
individual  implanted  at,  pie  was  calculated  [5]  and  is  shown  versus  dose  of 
implantation  in  Fig.  2.  It  is  clear  that  n  steady  state  concentration 
(42%)  was  achieved  ‘or  a  dose  of  about  3  x  ID1  ions/cm  .  Implantations 


with  higher  doses  do  rot  result  In  higher  Cr  concentrations. 


Fig.  3  .lemons; • at es  tb.  projected  range  (R  )  and  straggle  (’Rp) 
determined  from  the  R'-s  ii.'a  of  Fig.  1  along  with  estimates  of  stopping 
irons  s. ' t inns  for  He  .n  Cr-ji . 

Fit*.  4  shows  RR.s  spectra  of  Cr  implanted  with  100  keV  energy  and  a 
.lose  rate  of  6.2  :<  1  r- 1  ’  i  mr./ctn^  set  into  a  Si  ( 100)  target,  in  a  DPV  system 
opt  rating  at  ~  pressure  ,i  (2-4)  x  H>  °  Torr.  Cr  concentration  as  well  as 
i  ret. mr  ion  tor  iitn!  -nt.it  ion  in  a  chamber  with  a  pressure  in  the  order  of 
,  >  r  i  :  t  e  plotted  fig,.  2  . 
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at  the  surface  ml  >r  a  depth,  of  5o\  for  those 
i  in  Fig.  4.  III!"  and  APR  results  are  in  very 


a  \nd  b  ->t  Fig.  ;>  demonstrate  tin-  Cr  rnnrent  rut  i  >n  curves 
n’  -t  i  < . ;  ■  f..r  s.mples  prepared  j  r  a  bi:''.  system  operating  at 
,n:l  I  'f  *’  Torr  and  a  dos.  rat.-  ;.t  6.2  y  1  o'*  *  and  1  x  10 
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ABSTRACT 

The  dependence  of  the  implanted  love*-  co-pe- i  ■  •  o.i 
i  <>r  ‘1  Jose,  dose  rate  .in<!  target  chair. her  environment  lor 
f'r  implanted  Si  hive  been  studied  by  m  «->s  of  Ruthed  , r  ! 

B.:ek  Scattering  '  RBS)  no  1  Auger  Elect  rno  ’  p  e  r  j . ,  ; .  j  r ,  v  (AES). 
Implantation  of  <"r  for  doses  up  to  2  10  '  i  -ms .  on”  r*d  a 

fixed  dose  rate  and  ecet  .;•/  were  carried  no-  •  ,t  -,n  m  ».  t  ;  , 
high  vacuum  (I'MV)  systen  ns  well  as  i:i  d.ttusi  u<  puwpe  ! 
vacuum  (IiPV)  system.  For  the  former,  the  m-ixl' mm  Cr 
concent  rat  ion.  was  about  i  22.  On  the  other  hand, 
implantation  of  Cr  in  a  PPv  system  resulted  in  a  ran  ; 
lusher  peak  concentration  (86?)  and  retention. 

doth  th#  P.BS  and  AFS  results  positively  der.onst  rat« 
th*  existence  of  extensi v<?  surface  carbon  for  a  Si-rich 
surface  and  a  chromium  oxide  layer  for  tin  Cr-rich  surface. 

This  result  suggests  that  the  interaction  of  oxygen  or 
carbon  occurs  pre  f  t-  ren  t  1  a  1  Iv  and  depends  on  the  surface 
.  ompo-ti  t  ion. 

No  surface  compositional  variation  could  be  observed 
bv  the  RBS  experiments  for  Cr  implanted  in  a  hilV  system  for 
Ufierent  dose  rates.  I”  contrast,  for  Implantation  in  i 
NPV  system,  higher  concentrations  can  be  achieved  for  lower 
dose  rates. 


1  NT's  )['I'(.T  ION 

In  this  work  we  art  interested  in:  (i)  i  n  vest  i  gat  i  tip  ili:id< 
formation  by  means  of  the  high  dose  impl  .nt  it  ion  technique  br  tiie  Cr-Si 
svstem,  (ii)  obtain  leg  information  com  ernine  the  s  it uratio:,  concent  rat i an 
of  implanted  Cr  into  S'  in  nr  ultra  In' gh  v acnui  is  well  as  ,a  a  1>PV  svstem, 
and  (  I  i  1  )  det  e  rm  i  n  i  ni;  rh  nature  of  the  final  t.iodurts  f  different  vacuum 

conditions  as  well  as  understand  i  ng  the  (•fferr  of  oxygen  an  1  carbon 
impurities  on  compound  formation  or  precipitation. 

Tin  maximum  achievable  concent  r  it  i  o..  in  ten  imp!  into,’  •  :>.  t  ms  is 
governed  by  the  sputtering  of  the  near  stir*  nee  region  m  ' a.  target  svstep 
|  1  ]  .  Implantation  in  a  .  uinm  system  will'  a  pleasure  a  :  be  order  of  10 
Tort  it.iv,  In  some  eases,  result  In  the  probation  of  an  •  :  '•  or  carbide 
layer  wliere  generally  such  a  layer  can  re. In.-*  the  spot  :  c  rate. 

Armenian  et  al.  ( 2  |  reported  tie*  production  ot  a  vnv  a*  .  ."'n*tit  rat  ion  of 
fu  ior  v.Ti  implant  at  foil  in  Al  as  a  result  it  tie  fruition  >•*  an  n-Mdi*  layer 
on  i  he  I  r  t  a  no  t  . 

Introduction  of  ■■IsiiviUh  of  residual  Hsorbod  >ta  a  *,  in*  o  .'all 
i np  1  an t  a t  I  tui  (  1 1  or  or v  other  means  [  A  j  !>  ; s  i  V'.  1  a;  i ■  t  *  l  1  1  t  du t  r  i  men t  a  1 
riled,  l.e.,  tin*  target  !>.  .  ernes  cotit  ini  n  if  •  I  with  u"W  e  1  .-.1  i  ■c-ur  I  t  t  es  ;  ind 
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ot  the  stress  relief  etTect  reported  here;  thus,  other  bombardment  energies  could  be 
investigated.  With  the  present  state  of  experimental  results,  the  generality  of  the 
'-fleet  is  not  established;  however,  there  is  evidence  that,  whatever  the  nature  of  the 
deformation  produced  by  atomic  peening,  this  deformation  may  be  largely  removed 
b>  bombardment  with  very  high  energy  ions  that  reach  and  intermix  the  interfacial 
region  of  the  sample. 
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1 1 1  obi  uni  Wit!  ,i  lui  \  i  >i  i  k  luu1  v  .tk  nl. itril  1 1  r  i  >i  cl  u  .  i !  si  r;i  1 1 1  i  at ios  .  ,  ,  I.  >  i  ,i  mull  l>c  i 
,it  cubic  films  ('I  vai  ions  i>i  icnlai  ions.  vvhcic  .■  ,  is  flic  siiam  per  pent  in  nl.ii  to  file 
sin  face  ami .  is  the  st  i  am  in  an  \  direction  parallel  lo  the  film  surlaee 1  I  lie  theory  ol 
W  in  a  ml  Vouk  is  vain!  tor  theease  in  which  all  stresses  acting  on  the  lilm  aie  applied 
at  the  interlace  bet u ^  .  n  'he  him  and  the  siihsti ate  Without  a  better  k now  ledge  than 
now  exists  with  legat'd  to  the  meelianistn  In  winch  sputtered  lilms  tend  to  be 
eomprcssivelv  st rested .  it  is  not  clear  to  what  extent  the  assumption  ol  inteilaeial 
stresses  is  valid  in  the  pic^cnt  erne  I  -Vspite  this  caveat,  it  may  be  of  seine  interest  to 
compare  the  present  icsiilts  cm  the  as-deposited  film  with  predictions  based  on  the 
Witt  and  Vook  calculation.  I  or  the  j  I  Ml]  orientation  ol  niobium,  i  ,  <  is  calculated 
In  Witt  and  Vook  to  have  -t  v  a!  ue  ot  1.30b  If  we  refer  to  I  ig.  I.  it  is  ev  ident  that  an 
expansion  of  the  niobium  lattice  such  as  to  increase  the  distance  between  (101 1 
planes  will  result  m  a  monoclinic  distortion  of  the  unit  cell.  I  sine  the  above 
theoretical  value  of.  ,  ...  assuming  ./1(11  to  correspond  to  the  diffractometer  result 
and  assuming  the  unstressed  film  to  be  pure  niobium,  we  may  deduce  the 
corresponding  values  of  h  and  c.  as  well  as  angle  />  in  Fig.  1(b).  (Clearly.  a  --  .  in  the 
monoclinically  distorted  cell.t  The  relation  between  the  interplanar  distance  < lhU  and 
the  values  of  u.  h  and  /»*  for  such  a  monoclinic  cell  is  given  by  the  expression 

I  1  ,lr  2hl  cos  /f  +  /-  k1  sin2/) 

iihk!~  sti  r/>\  <r  b~ 

vv  here  h.  k  and  /  are  Miller  indices  4.  I  sing  the  above  expression,  we  may  determine 
a  value  of 7, 10  and  therefore </, , ,,  where,  in  t he  present  case.  is </<■// neJin  terms  of 

the  expression  for  a  cubic  cell  as  follows: 

ilhk!  ~  dhkllh  ~  1  k  ■>  l~)  ( 2 ) 

It  the  above  procedure  is  carried  out  and  the  lattice  constant  of  pure  unstressed 
niobium  when  rounded  off  to  an  accuracy  of  three  decimal  places  is  assumed  to  be 
given  by  ii  —  3.30!  A  .  the  "predicted"  value  of  uM(1.  as  defined  by  eqn.  (2).  is  also 
3.301  A.  This  value  is  near  the  lower  limit  of  the  error  bar  for  the  rp,  ,0  v  alue  of  as- 
deposited  niobium  as  shown  in  Hg  5.  There  is  therefore  an  .indication  of  some 
degree  of  expansion  of  the  unit  cell  volume  for  the  as-deposited  niobium  relative  to 
the  ease  in  which  absolutely  pure  niobium  was  stressed  at  the  interface  alone. 

4  IM.S(  l  NSION 

Sputtered  metal  films  are  often  tound  to  be  under  compressive  stress,  and  work 
by  other  investigators  indicates  that  this  stress  may  be  due  to  some  structural 
deformation  associated  with  mechanical  bombardment  by  the  sputtering  gas.  On 
'he  basis  ol  the  piesent  work  alone,  it  would  have  been  tempting  to  speculate  that 
this  deformation  arises,  in  part,  from  a  registration  mismatch  at  the  interface  with 
the  substrate  which  is  "unlocked"  by  ions  sufficiently  energetic  to  reach  and  intermix 
the  interface  region.  However,  the  fact  that  t he  compressive  stress  phenomenon  is 
observed  for  main  diflcrem  t>pe»  of  substrates  such  as  glass  wafers”.  Si,N4-coated 
silicon  wafers'  and  ov.di/e  l  ilicon1  is  strong  evidence  against  a  lattice  mismatch 
effect . 

ft  would  be  ot  interest  to  extend  the  present  study  to  investigate  the  systematic's 
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radiation  Measurements  of  tlu.  |.U!)|  reflection  wcic  made  using  a  III  glancing 
angle,  Co  Ki  ludi.ttion  and  a  Bingg  angle  ol  5  b  5  and  also  using  a  20  glancing 
ang'c,  Fe  K-/  radiation  and  a  Binge  angle  of  (>  v  Since  the  (310)  and  (20?)  planes 
have  an  interplanai  auric  close  lo  4S  .  the  above  conditions  placed  the  CIO) 
reflection  on  the  film  axis. 

I  he  quantities  ./ u  ,  and  u  ,  a;e  now  dclukd  .is  (hose  values  ol  the  lattice 
constant  which  would  lesuh  it  one  applied  the  usual  i ciahon  between  lattes 
constant  and  inter  planar  separation  tor  a  cubic  matei  ul  to  the  measured  values  ol 
the  mterpianar  distances  </, , ,  and  There  was  no  detectable  difference.  to  w  it  Inn 
an  et  r  or  bar  determined  b\  the  iiailvv  idth  of  the  him  lines,  between  the  niobium  a  , , ,, 
values  obtained  u-mg  a  cob.:!;  source  and  a  5s. 5  Bragg  angle  and  those  obtained 
Using  an  iron  souice  a.nd  a  o  '  Bragg  angle.  I  his  last  result  indicates  that  sv  stem.Hic 
errors  in  the  expei uneuia!  lattice  constant  were  not  important  lor  the  region  of 
Bragg  angle  near  that  of  the  niobium  (210)  rcllection.  Additional  evidence  for  the 
wcuracy  of  these  Read  eamei  i  itti«.c  constants  was  obtained  bv  comparing  Read 
camera  and  difbvcu  me:.-!  tv-mi  tor  ti  e  interplanai  distances  of  the  (2()2)  sui'lace- 
parailel  planes  Bv  oi  uniting  the  --ample  at  56  incident  angle  and  obset  v  me  the  (2()2i 
i etlection  wn.i  a  Read  camera  .mo  1  *  k-x  radiation  it  was  font.  I  that  Read  camera 

values  for  agreed  v\ ith  di'T  -  :  uneter  values.  Sm.  e  go. ><j  .  'reeinci. . .  .  wd- 

.d'gned  diffractometer  was  inercbv  attained  using  a  reflection  at  a  Bragg  angle  ol 
56  .  it  vvas  interred  that  the  (310;  .etlection,  which  can  be  measured  at  a  still  larger 
Bragg  angle  (6/  i.  can  aKo  be  measured  with  sufficient  accuraev  for  the  present 
purp-uses. 

Figure  5  show-  a  plot  of  u_,.:  iersus  uM„  for  the  us-depc ' bed.  the  300  keV 
bombarded  and  the  f-00  ke-  bombarded  samples.  u,10  was  determined  using  a  20 
giancmg  angle  and  Te  Km  radiation,  as  described  above.  Figure  5  shows  that  the  as- 
deposited  sample  is  distorted  from  a  cubic  cell.  The  300  keV  sample  maintains  this 
distortion  but  w  ith  an  expu  ided  eel!  volume.  The  600  keV  sample  has  a  nearly  cubic 
cell  but  with  a  slightly  expanded  lattice  constant  relative  to  that  of  pure  bulk 


1  'vus  of  points  corresponding  to  an  undistorted  cubiceell. 
H  'ut.i-V  bombarded  sample,  «.  as -deposited  -ample;  •  ideal 
1  •  I  -  •  'eied  as  that  lance  .  onslani  that  would  result  lea  a  cubic  cell 
cvcm  though  the  ;k  ;u  it  .cl!  ilia,  have  a  monoclimc  distortion 
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!  3.  Rutherford  luck  scattering  spectrum  ( 1.5  MeV  4He  ' )  <>f  a  'a  in  pie  !  UXH)  A  niobium  on  Si  !  1  1  | 
iinplunleii  with  300  ke\  xenon  (  )  wnp  ired  with  an  unimplanted  'pecimen  (  t  Iuieruiev  below 

o  s  MeV  correspond  to  back  scattering  I'nun  silicon 
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I  i>t.  4.  kutherlord  ba-.k'c.utmng  m.vtrum  1 1  5  MeV  'He  ;  «>l  •  sample  1  i *H*m  A  niobium  on  Si  1 1 1  .  i 
;mpl.int'.s.l  with  not'  kc\  xe»*on  i  »  compared  with  an  uniinplanted  'peorv.n  i  i  I'nerfties  below 
o  s  MeV  correspond  to  Ku4.'>..uiet mg  b'li:  Miio'ii. 

ofthc.sc  Rutherford  hack  scattering  spectra,  to  be  disclosed  elsewhere1-,  is  outside 
the  range  of  discussion  of  the  present  paper. 

To  return  to  the  discussion  of  the  X-ra\  results,  it  should  re  pointed  cuit  that  the 
diffractometer  results  furnish  information  about  the  lr.'erplanar  distance  only  foi 
planes  parallel  to  the  sample  surface  It  was  desirable  to  obtain  lattice  spacing 
information  from  other  sets  oi  p'anes  as  well  by  means  of  a  Read  camera.  Although  a 
Read  camera  is  not  designed  to  be  particularly  suited  for  precision  lattice  constant 
measurements,  the  accur  icy  oi  the  results  was  shown  to  be  sufficient  for  present 
purposes,  provided  only  th.il  the  niobium  reflections  fiuthest  into  the  back 
reflection  region  were  used  I  he  largest  and  therefore  most  accurate  Bragg  angle 
obtainable  lor  niobium  was  that  corresponding  to  the  id  10)  reflection  and  Fc  Ki 


Fi y, .  ) :  RRS  spectra  of  A1  implanted  into 

Si  (111)  and  Si  (100)  (UHV). 


andva  dose  rate  of  2.4  x  10*  ions/cm^  and  doses  ranging  from  3  to  10  x 
101'  ions/cm"  resulted  in  A1  segregation  where  Al  is  preferentially 
oriented  in  a  (111)  plane  parallel  to  the  (ill)  plane  of  the  Si  substrate. 
On  the  basis  of  HRS  Fi  1,  AFS  Fig.  2  and  x-ray  results,  wp  may  conclude 

that  for  Implantation  Oi  Al  with  a  dose  of  3  x  10  ions/cm^  Al  islands  are 
formed  where  they  occupy  about  30%  of  the  surface  sample.  However,  as  the 
supplv  <^f  Al  increases  by  increasing  the  dose  of  implantation  to  1  x  10l 
ions/cm‘',  the  surface  density  of  these  islands  increases  and  eventually  an 
Al-rich  layer  with  a  thickness  of  approximately  f  *s  created.  It  is 

expected  that  the  near  surface  region  of  Si  targets  becomes  highly 
disordered  (amorphi xed)  because  of  high  dose  implantation.  However,  it  is 
intriguing  that  Al  precipitates  possess  a  preferred  (111)  orientation. 

Very  recently  Kaufmann  et  al.  [8]  reported  that  as  a  result  of 
implantation  at  room  temperature  of  silver  into  a  single  crystal  of 
hcrvllium,  silver  precipitates  at  room  temperature  such  that  the  (111)  axis 
in  silver  is  parallel  to  the  (0001)  axis  of  the  beryllium  target. 
Furthermore,  Tsaur  et  al .  [9]  reported  the  formation  of  (111)  preferred 
orientation  in  ion  beam  mixed  Au-Ni ,  Ag-Cu  and  An-On  systems. 

■in  the  other  hand,  our  x-ray  diffraction  measurements,  of  implanted  Al 
int"  '' i  (111)  In  an  ultra  clean  vacuum  system,  suggests  that,  although  Al 
s.n-ree  ites,  it  possess-  ;  a  pelvcrystal 1 ine  structure.  Since  implantation 
c  I’d  i  t  ions  for  samples  prepared  in  UliV  and  1  IH’V  systems  werf  the  same 

for  the  pressure,  we  believe  that  the  formation  of  highly  oriented 
'i  ;(t:as  is  probably  i’  dated  to  impurities,  pus-. iris  ■  net,  and  carbon, 
wi.’-di  were  introduced  ,lurin”,  implantation  in  the  I  d:TV  ester.  At  hi  eh 
dr,,  ,  tot  Implantation  in  a  clean  system,  \1  is  pr.-si-at  at  a  greater  d.ept  h 


cites,  it  possess-  ■;  a  pelycrysta  1 1  ine  structure, 
t  ions  for  samples  prepared  in  IIHV  and  1  IH’V  sv-.te 
t  for  the  pressure,  we  believe  that  the  format  in: 
Ins  is  probably  : ’dated  to  impurit  I  *  *: ,  rios-.itl’. 
were  introduced  durin”,  implantation  in  the  I  id  V 
,  tei  implantation  in  a  clean  system,  \l  is  pr.”.i 


that  expected  from  the  projected 
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i  :'•  Si  i  i:  in  ultn  .  lean  .  r  nfvitT.it  el  v  clci:'.  v  u  mr.i  system,  implanted  A1 
rn!  i  '  r  r  i  >  1. 1  .•  •Inri”,-  '-plant. it  i.»n  nr  during  post -Inipl  int  at  ion  room 
temperature  anneal  in-.; .  Implanted  atoms  have  1  tendency  to  penetrate  deeper 
as  the  nt  implant  it  i  •  :t  inert,  ases  (see  Fir.  4).  There  is  a  similarity 

het  ween  the  results  et  this  work  and  thost  report  d  bv  Rusbri  rlcte  [4  ]  for 
:  a  1  mtej  A1  into  Alt'.-  ,.f  I 

At  the  present  t  i-~  ,  interpretation  in  ti  ••  r.  .!  ist  r  i  but  ion  of  A1  in  our 
work  in  comparison  to  the  int  rpretat ion  of  Aide  results  [10]  is  hindered 
hi  cause  of  the  lark  nt  detailed  inforn.it  ion.  on  depth  profiles  for  implanted 
A 1  in  Si. 


No  A1  segregation  was  observed  for  A!  implanted  Si  (UDPV)  with  a  low 
dose  rate  and  for  doses  of  up  to  5  x  10  ions/rm4'.  In  contrast, 
implantation  under  similar  conditions,  ev.-n  in  an  oil  trapped  DPV  system 
resulted  In  Al  segregation.  From  these  results,  it  seems  that  during  high 
dose  rate  implantation  in  the  FDPV  system,  fewer  contaminated  elements  were 
available  hecause  of  the  sputtering  effects  and  the  short  times  required 
for  implantation.  Secondly,  precipitated  nuclcation  for  implanted  Al 
occurred  as  soon  as  the  Al  concentration  at  the  damage  peak  surpassed  the 
solubility  limit  and  before  any  contaminant  has  a  chance  to  diffuse  to  the 
damage  peak.  On  the  other  hand,  for  low  dose  rate  implantation  in  UDPV 
systems,  contaminant  atoms  such  as  carbon  may  reach  damage  peaks  faster 
than  implanted  Al  reached  its  solubility  limit.  Probably  the  presence  of 
very  chemically  active  small  impurities  such  as  carbon  and  oxygen  could  act 
as  a  sink  for  defects  which  as  a  result  delay  or  prohibit  Al  precipitation. 

1  Supported  by  the  Office  of  Naval  Research. 
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M  CLEAR  RESONANCE  PROEIEINCi  OF  HK.il  DOSE  IMPI.AVI'S  OF  Al  IN  Si  * 

I  .  NAM  AVAR.  .11  111  IJNK  K  and  III.  X\V  III  /  ** 
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l  nittii  If!  k'le/.'g/rs  Re\carth  *  '  >!!•."'.  I  i\i  I  La  :!■  (  /  no/r/.s  [  \  I 

XX  e  have  applied  nuelc  ir  resi -n.u-.e  piofdm*  tN'RR)  techniques  to  dct-.-:uun-.‘  the  depth  distribution  of  implanted  Al  ,n‘o  S.  I 
Implantation  of  Al  at  1  < Kf  keV  and  at  Joses  of  up  to  I0:h  Al  -  ent".  our  results  indicate  that  the  depth  distribution  of  A!  iinplaitted  *n  .in 
ultra-high  vaunt  lit  (l  11V)  svsiem  (  In  *  lorr  is  independent  of  dose  rate  and  target  o'ientation  I-or  a  do-e  of  It!1'  \l  u> 
single  Al  distribution  was  observed  with  an  Al  eoneentration  of  al'out  <*5',  al  peak  while  sVv  of  the  implanted  A!  was  retained  m  ",e 
Si  target 

On  the  other  hand,  the  depth  distribution  of  implanted  Al  in  a  diffusion  pumped  viuiuin  (DRV)  system  i  10  '  lorr;  was  .  ..  a. I1, 
influenced  bv  dose  tales  and  target  01  nutation  For  high  do.se  tale  implant  ition  1 10  5o  /i  A  e  nr  )  the  depth  distribution  ot  A I  .  r ,  ear 
to  be  btmodal  or  broadened  and  about  d.Vf  of  the  implanted  Al  i.  retained  in  the  Si  targi  t  A  peak  Al  eoneentration  ol  up  to  ’ 
eotild  be  obtained 


1.  Introduction 

It  has  been  known  for  some  time  |1.2|  that  implanta¬ 
tion  in  a  poor  vacuum  system  (  =  if)  *  Torr)  results,  in 
some  eases,  in  the  formation  of  a  surface  oxide  or  a 
carbon  layer.  A  surface  oxide  or  carbon  layer  mas 
reduce  surface  sputtering,  thus  making  it  possible  to 
achieve  a  higher  concentration  of  implanted  atoms.  The 
effects  and  significance  of  a  contaminant  surface  laser 
formed  during  implantation  on  the  implantation 
processes  have  been  recognized  [2,3j.  However,  the 
number  of  reported  papers  which  deal  with  the  problem 
is  vers  limited  [.)].  Eurthcrniorc.  to  date,  no  detailed 
studies  have  been  reported  for  high  dose  implantation 
of  metals  into  a  Si  system 

Recently,  we  initiated  a  study  to  understand  the 
effect  of  vacuum  conditions  on  the  composition  and 
structure  of  implanted  layers  for  high  dose  implantation 
id  Al  and  Cr  into  Si  [4,5].  Samples  were  prepared  bv 
implanting  both  metals  in  UHVf  -•*  10  *  lorr)  and  DRV 
I  *  10  6  Torr)  svstetns  into  St  (111)  and  Si  (1<K))  will) 
doses  of  up  to  I0,s  ions  cm 

We  have  applied  RMS,  AES  and  X  tav  analysis  tech 
ntqucs  to  these  studies  l  or  the  Al  implanted  samples, 
except  those  prepared  in  a  DRV  system  t  ~  10  ’’  Torr) 
at  a  low  dose  rate  (5  gA/cm  ),  \  tax  analysis  indicates 
Al  segregation  I  "or  the  implantation  of  Al  in  a  DRX 

*  Supported  m  part  bv  tils-  Office  of  Naval  Research  and  dso 
t  *  v  I  lie  I  iiiveisilv  ol  l  .  .inn-1  In  lit  Resc. trill  foundation 
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system,  the  structure  of  segregated  Al  is  generally  in¬ 
fluenced  by  dose  rate  and  target  orientation  in  contrast 
to  implantation  in  a  UHV  system  (-10  '  Torn  in 
which  the  structure  of  segregated  Al  is  independent.  ■  f 
target  orientation  as  well  as  dose  rate.  Pot  samples 
ptepared  in  a  DRV  system  (  =  10  ^  Torr)  with  a  tush 
dose  rate  implantation  in  Si  (100),  segregated  Al  pos¬ 
sesses  a  polxcrvstaliinc  structure  while  for  St  (lilt, 
segiegated  Al  possesses  a  (111)  preferred  oriental!.*:; 
RMS  indicates  the  presence  of  an  appreciable  -utO'ci: 
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carbon  layer  only  for  (hose  samples  implanted  at  a  low 
dose  rate  (=5  pA/cm;)  in  a  DPV  system  For  sample., 
implanted  with  a  high  dose  rate  (  =  40  pA/cm2)  in  a 
DPV  system,  RBS  does  not  indicate  the  presence  of  any 
carbon  or  oxygen.  However,  AES  suggests  the  presence 
of  distributed  carbon  and  oxygen  [4] 

Because  the  backseattered  signals  for  A1  into  Si  are 
superimposed  on  each  other,  a  precise  knowledge  about 
the  depth  profile  of  A1  in  Si  cannot  be  obtained  by  RBS 
experiments.  Therefore,  we  have  applied  nuclear  reso¬ 
nance  profiling  (NRP)  using  the  ;  A1  (p.  y)2*Si  reaction 
in  order  to  determine  the  depth  profile  of  implanted  Al 
into  Si. 


2.  Experimental  procedures 

Polished  single  crystals  of  Si  with  (111)  and  (100) 
orientations  were  uniformly  implanted  with  100  keV 
Al  *  ions  by  means  of  the  high  current  implanter  of  The 
University  of  Connecticut  During  implantation  three 
parameters  were  varied: 

1)  dose,  ranging  from  1  >  1(>17  to  1  x  10‘*  ions/cm’; 

2)  dose  rate,  ranging  from  3  x  10*  ’  to  3  x  1014  ions/cm2 

s; 

V)  vacuum  conditions,  diffusion  pumped  vacuum  sys¬ 
tem  (2-4)xl0  6  Torr  and  an  ultra  high  vacuum 
(UHV)  system  (2-4)  x  10  *  Torr 
During  implantation,  KBS  and  NRP  samples  were 
fastened  to  the  heat  sink  with  conducting  materials 
(silver  paint)  The  temperature  of  the  high  dose  rate 
implanted  samples  was  niennored  with  the  help  of 
thermocouples  and  an  infrared  pyrometer  which  was 


sen  itivc  t  i  temperatures  above  50°C  No  measurable 
rise  in  targei  temperature  could  be  observed 

Implantation  and  RBS  were  earned  out  while  sari 
f 1  s  were  lilted  t.'  10  ’  from  the  normal  incidence  of  to 
:<  n  beam  On  die  other  hand,  for  NRP  experiment., 
samples  were  tiltc  1  to  3(1°  and  60’  with  respect  to  me 
p.  non  bean.  I  vx  MeV  y  tavs,  produced  in  a  W2  luV 
narrow  rcsonan.e  line  in  the  21AJtp,  y)2,Si  react. on. 
».crc  «>i»  >ervcJ  b  a  75  cm  thick  Nal(Tl)  scintdiat 
d.  lector  that  was  placed  perpendicular  to  the  bear:  In 
each  ru  i  an  Ai  target  was  used  to  monitor  the  as  celt  r., 
toi  caiibration  a.  well  as  to  obtain  the  ratio  of  y-radu 
tu  n  from  Al  implanted  samples  to  bulk  Al  In  ih.’ 
evur-c  of  the  NRP  experiments,  different  regions  of  the 
inic  sample  were  studied  in  order  to  minimize  'he 
effect  of  ion  beam  mixing,  sputtering  and  posed  !e 
carbon  build  up  on  sample  surface 

Me'  and  I i  beams  were  provided  by  means  of  2 
MeV  Van  dc  (iraaff  accelerator  of  The  University'  of 
Connecticut  The  energy  resolution  of  the  accelerator 
was  about  0  5  keV  and  was  defined  by  beam  aperture 
and  the  deflecting  angle  of  the  proton  beam,  after 
passing  through  the  analyzing  magnet 

In  fig  1.  we  have  compared  a  1.5  MeV  He'  back  - 
scattering  spectrum  with  NRP  data  for  deposited  3(<0i • 
A  Al  on  grafoil  (C).  NRP  data  presented  here  is  the 
average  value  of  2  to  3  independent  runs.  RBS  spectrum 
of  deposited  Al  on  grafoil  (not  shown)  positively  idcnt: 
ficd  the  large  amount  of  oxygen  on  the  Al  surface  ami 
the  M/C.  interface  (4  and  3  X  10lf’  O/cnr,  respectively) 
We  believe  that  the  presence  of  aluminum  oxides  at  ih*. 
surface  and  interface  partially  influenced  our  NRP  r’ 
suits.  However,  from  fig.  1  it  is  clear  that  much  licit  ; 
depth  resolution  and  accuracy  can  be  achieved  w.  ' 
NRP  experiments  as  compared  with  standard  R B* 
experiments  for  a  3(XX>  A  Al  on  grafoil  (C) 


c  1.(100)  lOoA/rn. 
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big.  2  NRP  results  fur  low  and  high  dose  rate  implantation 
inlo  Si  (Mil  and  Si  (100)  in  u  KHV  sv-iem  (  -  III  *  Toni 
lhc.se  results  cle.tilv  demon-Utili  the  rcproducihihlv  of  our 
implantation  and  detection  s\ stems 


3.  Experimental  rexul's 

t  /  Implantation  ru  u  t  ill'  system  (  ~  10  *  I ■■rn 

Fig.  2  demonstrates  the  results  of  the  NRP  expe 
rnents  for  implanted  Al  with  100  keV  into  Si  (11!)  ano 
Si  (KXl)  in  a  UHV  ssstem  to  a  dose  of  1  x  101"  Al  r 
with  low  (It)  pA/iin  )  and  high  (50  pA/cnr  )  <1.11  mi 
densitv  implant. moil  These  results  clearly  indu.it;  Ilia: 
Al  distribution  for  implantation  in  a  UHV  system  - 
independent  of  do'e  r,.tc  or  target  orientation  Further 
mote,  it  is  also  proof  of  the  reproducibility  of  m.i 
detection  system  ,.nd  implantation  Eig  2  suggests  that 
for  a  dn.c  of  1  v  lu'1'  Al/ctn2  a  concentiation  of  t  r  : 
could  bo  achivcd.  while  85‘F  of  implanted  Al  w..s 
i  lined  ir.  the  S,  target  (X-rav  diffractometer  an-ilv  s  of 
all  of  these  samples  indicates  the  presence  .»«  mct.iil  , 
p.  >1  si  ivstallinc  Al  i 
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The  average  values  obtained  from  moment  calcula¬ 
tions  [6]  of  experimental  data  (fig.  2)  for  Al  distribution 
are  as  follows:  p=1570  A  (mean),  o  =  812  A  (strag¬ 
gling),  =  0.25  (skewness)  and  =  2.86  (kurtosis). 
The  experimental  values  obtained  for  the  mean  and 
straggling  are  in  good  agreement  with  the  theoretical 
calculation  [7],  Furthermore,  <8,  and  values  suggest 
that  the  depth  distribution  of  Al  only  slightly  deviated 
from  a  normal  distribution  where  /S;  =  0  and  ft2  =  3. 

12  Implantation  in  a  DPV  system  (  =  10  6  Torr) 

We  have  measured  the  depth  distribution  of 
implanted  Al  with  100  keV  into  Si  (111)  and  Si  (100) 
with  a  low  dose  rate  ( =  5  fiA/cm2)  and  high  dose  rate 
(  =  50  pA/cm2)  in  a  DPV  system  (10~6  Torr)  by  the 
NRP  technique.  Our  results  clearly  indicate  that  depth 
distribution  of  implanted  Al  is  greatly  influenced  by 
dose  rate  and  target  orientation  and  disagrees  with 
results  obtained  for  those  samples  for  which  implanta¬ 
tion  was  carried  out  in  a  UHV  system.  For  high  dose 
rate  (=50  (iA/cm2)  implantation,  the  depth  distribu¬ 
tion  of  implanted  Al  generally  appeared  to  be  bimodal 
or  considerably  broadened.  For  low  dose  rate  ( =  5 
pA/cm2)  implantation,  however,  the  Al  depth  profile 
emerges  at  the  greater  depth  because  of  the  large  amount 
of  carbon  agglomeration  on  the  Si  surface  (see  fig.  3  of 
ref.  [4]). 

Fig.  3  compares  the  NRP  results  for  samples 
implanted  with  a  dose  of  1  x  1018  Al/cm2  and  a  dose 
rate  of  40  50  pA/cm2  into  a  Si  (111)  target  in  a  UHV 
system  (  =  10  *  Torr)  and  a  DPV  system  (  =  10  6  Torr). 
NRP  results  for  implantation  in  a  DPV  system  indicate 
that  Al  distribution  is  broadened;  a  large  Al  distribu¬ 
tion  appears  in  the  near  surface  region  along  with  a 
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Fig  V  NRP  results  compared  for  implantation  of  Al  under 
similar  conditions  except  for  vacuum  condmon  Higher  M 
concentration  and  retention  is  another  frntmr  to  binio.l  i! 
distribution  for  implantation  in  a  DPV  system  (  -  10  *  lorn 


component  of  Al  distribution  which  extends  to  a  greats’! 
depth. 


4.  Discussion  and  conclusion 

The  dependency  of  the  depth  distribution  of  room 
temperature  implantation  in  Si  on  vacuum  conditions 
has  been  demonstrated  by  means  of  nuclear  resonance 
profiling.  The  results  obtained  for  samples  implanted  in 
a  UHV  system  (=10  8  Torr)  show  that  the  depth 
distribution  of  implanted  Al  is  independent  of  dose  rate 
and  target  orientation  in  contrast  to  implantation  in  a 
DPV  system  in  which  Al  distribution  is  influenced  by 
dose  rate  and  target  orientation.  The  high  concentration 
(65%)  and  retention  (85%)  for  Al  implanted  in  a  UHV 
system  with  a  dose  of  1  X  10'*  Al/cm2  suggests  that 
very  few  atoms  from  the  target  systems  are  sputtered 
during  implantation.  Indeed,  from  the  recent  theoretical 
work  of  Matsunami  et  al.  [8],  one  can  easily  derive  the 
sputtering  yield  for  the  implantation  of  Al  with  100  keV 
into  Si  to  be  about  0.75.  For  a  sputtering  yield  of  less 
than  one,  an  increase  in  the  number  of  atoms  in  the 
implanted  region  is  expected  simply  because  more  atoms 
are  introduced  on  the  near  surface  layer  than  leave  the 
target  surface.  Therefore,  one  should  assume  that  sam¬ 
ple  swelling  or  change  in  density  should  occur.  The 
latter,  combined  with  the  NRP  results,  may  clarify  the 
misunderstood  RBS  spectra  for  the  Al  implanted  sam¬ 
ple  (see  fig.  5  of  ref.  (4)).  NRP  results  (Fig.  2)  suggest 
that  the  mean  penetration  for  Al  is  about  1570  A  which 
is  quite  in  agreement  with  the  theoretical  value  [7], 

Furthermore,  considering  the  experimental  value  ob 
tained  (fig.  2)  for  the  mean,  straggling,  skewness  and 
kurtosis  suggests  that  the  depth  distribution  of  Al  a. 
obtained  by  NRP  experiment  is  only  slightly  different 
from  a  normal  distribution.  Further,  RBS  spectra  indi 
cate  (fig.  5  of  ref.  [4])  about  70%  of  target  surface  is  Si 
Therefore,  we  conclude  with  a  dose  of  1  X  1018  Al/cm 
and  100  keV  energy,  one  cannot  reach  a  steady  state 
concentration  for  Al 

High  dose  rate  implantation  in  Si  (111)  |in  a  DPV 
system  (10  6  Torr)]  resulted  in  Al  redistribution  whetc 
a  large  portion  of  Al  moves  to  the  sample  surface  and  a 
smaller  portion  penetrates  to  a  greater  depth.  Sit.  h  r. 
behavior  was  not  observed  for  low  dose  rate  implanta 
lion  into  Si  (1 1 1)  or  high  dose  rate  implantation  into  Si 
(100) 

First  of  all.  we  should  emphasize  that  the  above 
results  are  real  and  are  not  artifacts  of  NRP  or  due  to 
energy  straggling  at  a  depth  of  a  few  thousand  A, 
because  RBS  and  AES  data  (figs.  1  and  2  of  ref  |4]>  art 
in  agreement  with  NRP  results  and  because  we  have 
demonstrated  the  ability  of  NRP  in  fig  1  for  3000  A  Al 
on  We  have  shown  that  for  our  measurement  the 
effect  of  energy  straggling  is  less  important  in  compari 
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son  to  a  standard  RBS.  Moreover,  the  Al  shift  toward 
the  surface  could  by  no  means  be  due  to  straggling  and 
shift  at  greater  depth  is  more  than  1000  A. 

Secondly,  the  nature  of  this  redistribution  is  not  due 
to  sputtering  because  in  a  DPV  system  (=  10“ 6  Torr). 
oxygen  and  carbon  are  incorporated  in  the  target  surface 
and  sputtering  rate  from  surface  is  further  reduced. 
Indeed,  higher  Al  concentrations  ( =  75%)  and  retention 
(95%)  have  been  observed  for  implantation  in  a  DVP 
system  compared  with  implantation  in  a  UHV  system. 

Such  a  distribution  cannot  be  due  to  the  channeling 
effect  during  Al  implantation  because  similar  behavior 
was  not  observed  for  samples  prepared  in  a  UHV 
system  with  identical  implantation  conditions  (except 
for  vacuum  pressure).  Moreover,  it  is  expected  that 
implantation  with  a  dose  of  about  1015  ions/cm2  totally 
amorphizes  the  implanted  region. 

On  the  other  hand,  the  only  condition  which  these 
two  groups  of  samples  do  not  share  is  the  presence  of 
oxygen  and  carbon  in  the  implanted  region.  Incorpo¬ 
rated  impurities  may  have  influenced  depth  distribution 
by  two  means:  (1)  facilitated  Al  or  Si  migration  and  (2) 
creating  a  larger  stress  field  due  to  higher  Al  and 
impurity  concentrations. 

We  are  very  grateful  to  Prof.  Quentin  Kessel  and 
Prof.  Howard  Hayden  for  their  help  with  the  Van  de 
Graaff  accelerator  and  implantor,  to  Prof.  D.I.  Potter 
for  allowing  us  to  use  his  UHV  implantation  chamber. 


and  to  Dr.  Roger  Kelly  for  providing  us  with  literature 
on  sputtering.  In  addition,  we  would  like  to  thank  R. 
Roser,  P.  Clapis,  J.  Gianopoulous  and  C.H.  Koch  for 
their  technical  assistance. 
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The  ion  beam  mixing  technique  has  been  applied  to  the  production  of  Al-Si 
thin  alloy  layers  as  an  alternative  method  to  thermal  annealing.  Both  unimplanted 
deposited  aluminum  thin  films  on  silicon  substrates  and  films  implanted  with 
energetic  xenon  ions  were  studied  by  Rutherford  backscattering,  channeling, 
secondary  ion  mass  spectroscopy,  nuclear  resonance  profiling  and  scanning  electron 
microscopy  techniques.  The  results  of  these  experiments  indicate  that  (i)  intermixing 
between  aluminum  and  silicon  became  observable  when  the  implantation  dose  of 
energetic  xenon  through  the  interface  surpassed  2  x  1016  ions  cm  2;  (ii)  intermixing 
is  dependent  on  the  dose  but  not  on  the  dose  rate  of  implantation;  (iii)  damage  to  the 
silicon  substrate  extended  only  to  the  region  penetrated  by  implanted  ions;(iv)  the 
Al-Si  alloy  layer  region  is  uniform  in  texture  and  no  segregation  can  be  observed. 
Moreover,  the  integrity  of  the  alloy  layer  is  retained  for  a  long  period  of  room 
temperature  annealing. 


1  INTRODUCTION 

Thermal  reactions  between  deposited  aluminum  thin  films  on  silicon  substrates 
have  been  extensively  studied  because  of  their  technical  importance12.  During 
thermal  annealing  at  temperatures  below  the  Al-Si  eutectic  (577  C),  silicon 
migrates  and  dissolves  into  the  aluminum  overlayer'.  However,  the  dissolution  of 
the  At  Si  interface  occurs  non-uniformly  and  forms  pits4  \  Moreover,  because  the 
solubility  of  silicon  decreases  with  decreasing  temperatures,  aluminum  becomes 
supersaturated  during  the  cooling  process  and  precipitation6  '  and  epitaxial 
growth"  0  may  occur  The  latter  problem  has  also  been  observed  for  codeposited 
silicon  and  aluminum1  as  well  as  for  silicon  post-evaporated  onto  the  aluminum 
layer10. 

During  the  past  few  years1 1  l2.  the  capability  of  the  ion  beam  mixing  technique 
to  intermix  deposited  metal  films  with  silicon  substrates  has  been  demonstrated 
However,  no  reported  attempt  has  been  made  to  explore  the  possibility  of  forming  a 
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uniform  Al-Si  alloy  layer  by  the  new  technique.  Al  Si  and  Au-Si  both  exhibit  a 
simple  eutectic  behavior.  It  has  been  shown,  though,  that  the  ion-induced 
amorphous  Au-Si  layer  is  unstable  even  on  room  temperature  annealing  and 
decomposes  to  an  equilibrium  mixture  of  gold  and  silicon  via  the  metastable 
crystalline  phase13.  From  the  onset  of  this  work  we  believed  that  the  integrity  of  the 
xenon-ion-induced  alloy  layer  might  be  preserved  (at  least  for  room  temperature 
annealing)  because  (1)  the  eutectic  temperature  (577  C)  of  the  Al-Si  system  is  much 
higher  than  the  eutectic  temperature  (370  C)  of  the  Au-Si  system  and  (ii)  implanted 
oversize  impurities  in  nickel  such  as  xenon,  tellurium  and  silver  trap  vacancies14. 
Similar  results  were  observed  and  have  been  reported  for  other  host  materials  (see 
for  example  ref.  15).  If  xenon  atoms  present  in  the  surface  region  act  as  vacancy 
trappers,  the  migration  of  aluminum  and  silicon  which  results  in  segregation  would 
therefore  be  retarded. 

The  ion  beam  mixing  of  aluminum  thin  film  on  silicon  substrates  as  well  as  the 
lateral  uniformity  and  stability  of  the  intermixed  alloy  layer  is  the  subject  of  this 
work.  The  Rutherford  backscattering  (RBS)  technique  was  the  major  analyzing  tool 
used  to  observe  the  effect  of  xenon  implantation  in  the  Al/ Si  system.  However, 
because  signals  from  aluminum  and  silicon  overlap,  the  precise  determination  of  the 
aluminum-to-siiicon  ratio  in  the  intermixed  region  becomes  difficult.  Therefore  we 
have  studied  some  of  the  samples  by  secondary  ion  mass  spectroscopy  (SIMS)  as 
well  as  by  nuclear  resonance  profiling (NRP)  using  the  2"Al(p,y)28Si  reaction. 

Special  attention  has  been  given  to  the  stability  of  the  ion-induced  Al-Si  alloy 
layer  As  we  shall  demonstrate,  the  integrity  of  the  ion-induced  Al-Si  alloy  was 
retained  for  a  long  period  of  room  temperature  annealing. 

2.  t.XPLRIMFN  I  At.  PROCTDUU.S 

Aluminum  films  with  thicknesses  ranging  from  300  to  1000  A  were  deposited 
simultaneously  onto  <x  1 1 1  '  -oriented  silicon  disks  with  a  2.5  cm  diameter  as  well  as 
onto  carbon  substrates  by  electron  beam  evaporation  from  a  crucible  made  of 
graphite.  The  substrates  were  located  about  10cm  from  the  crucible.  The  vacuum 
system  was  a  diffusion-pumped  system  with  a  liquid  nitrogen  trap.  Starting 
pressures  were  typically  10  lorr,  and  pressures  rose  to  about  10  5  Torr  during 
evaporation. 

Sample  surfaces  were  tilted  to  5  from  the  normal  incidence  of  the  ion  beam  both 
for  RBS  experiments  and  for  implantations.  RBS  data  were  analyzed  by  measuring 
the  energy  spectra  of  He  *  ion ;  with  an  initial  energy  of  1.5  MeV  backscattered  to  an 
angle  of  170  .  RBS  experiments  were  carried  out  for  each  individual  Al  Si  and  its 
associate  Al  C  sample  m  order  to  measure  the  thickness  of  aluminum  thin  films  and 
to  determine  whether  impurities  were  present.  The  results  of  RBS  on  Al  C  indicate 
only  the  presence  of  a  small  amount  of  oxygen  both  at  the  interface  and  on  the 
aluminum  surface  However,  the  total  amount  of  oxygen  present  at  the  interfaces  or 
on  the  surfaces  was  lev-,  than  2  .<  10"’  atoms  cm  :. 

Energetic  Xe 4  ions  were  used  in  order  to  initiate  intermixing  of  aluminum  and 
silicon  During  the  experiment,  samples  were  fastened  to  the  heat  sink  (sample 
holdcri  with  silver  paint.  The  energy  of  the  Xe  4  ions  was  varied  ( 1 50-300  keV)  and 
was  in  proportion  to  each  particular  aluminum  film  thickness.  Samples  were 
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implanted  uniformly  in  an  area  of  0.4  cm2  while  the  area  studied  by  RBS  was 
confined  to  1  mm2.  RBS  spectra  of  virgin  and  xenon-implanted  Al/Si  samples  were 
recorded  just  as  implantation  was  terminated  (without  exposing  the  samples  to  air). 
RBS  spectra  were  also  recorded  after  annealing  of  samples  at  room  temperature  for 
several  weeks.  Dose  and  dose  rate  dependences  of  intermixing  were  studied  with 
doses  ranging  from  5  x  101'  to  1.1  x  101  ions  cm  “  and  dose  rates  ranging  from 
1012  to  101J  ions  cm  2  s  1  respectively. 


RESULTS  AND  DISCUSSION 


Five  sets  of  Al,  Si  samples  implanted  with  energetic  Xe*  were  studied  by  the 
RBS  technique.  Of  these,  a  few  samples  were  also  studied  by  channeling,  SIMS,  NRP 
and  scanning  electron  microscopy  (SEM)  techniques.  The  results  of  these  experi¬ 
ments  will  be  discussed. 


3.1.  Intermixing 

Comparison  of  RBS  spectra  of  unimplanted  samples  and  samples  implanted 
with  a  dose  of  less  than  10lb  ions  cm-2  definitely  indicated  that  no  intermixing 
occurred.  Figure  1(a)  shows  the  RBS  spectra  of  samples  implanted  with  a  dose  of 
2  x  10lb  ions  cm  2  at  150,  200  and  300  keV  ion  energies.  From  the  parts  of  the 
spectra  which  represent  Al/Si  we  cannot  observe  any  evidence  of  intermixing.  There 
is,  however,  some  channeling  for  the  silicon  substrate  of  the  unimplanted  sample. 

The  profile  of  xenon  implanted  with  200  keV  energy  (Fig.  1(b))  demonstrates 
that  xenon  atoms  reside  in  a  relatively  unmixed  double-layer  element  because  (i)  the 
xenon  profile  is  not  symmetric  (compare  Figs.  1(b)  and  2(b))  and  (ii)  the  Al-Si 
interface  is  clearly  demonstrated  by  a  step  at  a  depth  of  900  A.  It  must  be  emphasized 
that  the  transformation  of  xenon  profile  data  from  energy  to  depth  coordination  has 
been  performed  using  surface  energy  approximations  and  the  depth-energy  loss 
relationship16.  For  Al-Si  systems  the  depth  can  be  accurately  calculated  and  a 
knowledge  of  the  aluminum-to-silicon  ratio  is  not  a  prerequisite.  For  depths  up  to 
2000  A,  the  difference  in  calculated  depth  for  pure  aluminum  or  silicon  for  a  fixed 
energy  loss  of  the  backscattered  *He*  beam  is  smaller  than  the  depth  resolution  of 
the  standard  detection  system  (approximately  250  A). 

In  contrast,  when  one  of  the  samples  which  was  implanted  with  a  dose  of 
2  x  1016  ions  cm  2  was  re-implanted  to  a  total  dose  of  6  x  1016  ions  cm' 2  (Fig.  1(c)), 
the  aluminum  peak  disappeared.  The  disappearance  of  the  aluminum  peak  may 
have  two  causes:  sputtering  of  aluminum  or  intermixing  of  aluminum  and  silicon. 
Because  the  Al-Si  edge  did  not  shift  completely  to  where  the  silicon  edge  was 
expected,  we  can  conclude  that  intermixing  has  occurred.  The  small  reduction  in 
scattering  in  the  750-800  keV  energy  region  is  due  to  the  relatively  high 
concentration  of  xenon  atoms 

Al/Si  samples  with  a  film  thickness  of  850  A  were  also  implanted  with  Xe  +  ions 
with  250 keV  energy  to  doses  of  4.5  x  1016  and  1.1  x  ll17  ions  cm'2.  The  RBS 
spectra  in  Fig.  2(a)  indicate  that  intermixing  occurred.  Moreover,  the  following 
conclusions  can  be  drawn .  ( 1 )  the  reduction  in  the  scattering  in  the  spectrum  of  Al  Si 
xenon  implanted  at  750-800  keV  with  a  dose  of  1.1  x  10’ 7  ions  cm  2  is  due  to  a  high 
concentration  of  xenon  atoms;  (2)  the  profile  (Fig.  2(b))  of  implanted  xenon  with  a 
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dose  of  4, 5  x  10u'  ions  cm  2  follows  a  gaussian  distribution  a  ith  a  full  width  at  half¬ 
maximum  (KWH  M)  of  about  900  A .  (3)  deviation  from  the  gaussian  distribution  of 
the  xenon  profile  (Fig.  2(b))  for  a  dose  of  1.1  x  101 "  ions  cm  :  may  have  two  origins, 
namely  sputtering  of  target  atoms  and  Xe-Xe  collisions  (the  FWHM  for  this  sample 
is  about  1450  A);  (4)  at  the  half-maximum,  the  profile  of  xenon  with  a  dose  of 
I .  I  x  1  () 1 '  ions  cm  :  shifted  toward  the  surface  by  about  4(H)  A  relati  ve  to  the  profile 
of  xenon  implanted  with  a  dose  of  4.5  x  10l*  ions  cm  Disregarding  the  range 
shortening  due  to  the  higher  implantation  dose,  we  may  estimate  that  a  layer  700  A 
thick  may  have  sputtered  owing  to  the  implantation  of  t.i  x  101'  Xe  v  ions  cm-2, 
from  these  experiments  it  is  not  possible  to  determine  the  precise  value  of  the 
sputtering  coefficient  of  aluminum  due  to  energetic  Xc  ions  because  the 
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F  ig  !  1.5  keV4He’  RBS  spectra  of  900  A  aluminum  thin  films  on  silicon  substrates:  (a)  samples  xenon 

implanted  with  a  fixed  dose  (2  <  1010  ions  cm  2  land  various  energies! - .  1 50keV  ;0,  200  keV;  — .  300 

keV)  compared  with  the  ummplanted  A1  Si  system  ( - );  (b)  depth  profile  of  xenon  implanted  with  200 

KeV  energy  to  a  dose  of  2  <  10' h  ions  cm-2;  (c)  re-implanted  sample,  where  complete  intermixing 
occurred  when  the  dose  of  implantation  was  increased  (first  dose.  2  x  10lft  ions  cm  2  at  1 50  keV;  second 
dose.  4  x  10' 6  ions  cm  ‘  2  at  250  keVi 


composition  of  the  surface  target  is  subject  to  change  when  ion  beam  mixing  is  in 
progress. 

3.2.  Intermixing  and  dose  rate 

Other  experiments  were  performed  in  order  to  study  the  dose  rate  dependence 
of  Al-Si  intermixing.  Figure  3  demonstrates  RBS  spectra  of  610  A  of  aluminum 
deposited  on  silicon  substrates  implanted  with  a  dose  of  4  x  1016  ions  cm~2  and 
200  keV  energy  and  dose  rates  of  1012  and  101 3  ions  cm” 2  s " l.  From  these  results  we 
can  see  that,  for  both  samples,  aluminum  and  silicon  were  equally  intermixed. 
Therefore  we  can  conclude  that  heat  generated  during  ion  implantation  is  not 
responsible  for  the  intermixing.  There  is  evidence  of  self-sputtering  of  xenon.  As  can 
be  seen  from  Fig.  3,  the  area  under  the  xenon  curve  for  the  higher  dose  rate  is 
diminished  by  about  15  ’0,  although  the  measured  total  dose  of  implantation  for 
both  samples  was  the  same. 

3  3.  Depth  profiling  by  secondary  ion  mass  spectroscopy 

Direct  observation  of  aluminum  and  silicon  concentrations  in  an  intermixed 
layer  by  RBS  is  not  possible.  The  sample  which  was  implanted  with  a  low  dose  rate 
and  described  in  Section  3.2  and  whose  RBS  spectrum  is  given  in  Fig.  3  was  studied 
by  SIMS.  Figure  4  shows  a  sputter  depth  profile  taken  with  SIMS  using  20Ne  for  the 
sputtering.  The  starting  pressure  was  about  10" 8  Torr.  The  system  was  then 
backfilled  with  20Ne  to  about  10“ 5  Torr  for  sputtering.  The  (mass  27)-to-(mass  28) 
intensity  ratio  is  plotted  in  this  figure.  If  the  system  were  “clean”,  this  should  be  the 
ratio  of  aluminum  to  silicon.  However,  there  are  several  problems. 

Organics,  w  hich  are  present  on  the  surface,  give  lines  between  mass  numbers  24 
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and  30  and  hence  can  contribute  to  the  signal  corresponding  to  mass  numbers  2'7 
and  28.  Furthermore,  with  hydrogen  present,  a  part  of  the  peak  for  mass  number  28 
could  be  Irom  AIH  Because  the  (mass  27)-to-(mass  28}  intensity  ratio  becomes  so 
large  (SO),  we  still  believe  that  the  data  show  essentially  some  residual  aluminum  as  a 
film  and  some  mixing  at  the  interface.  However,  the  depth  scale  for  aluminum  mav 
not  be  accurate  owing  to  the  presence  of  oxygen  and  preferential  sputtering.  It 
should  be  emphasized  that  at  a  depth  beyond  the  first  tew  hundred  angstroms  no 
organic  has  been  observed.  Therefore  we  conclude  that  the  (mass  27)-to-(mass  28) 
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iH|  lonip.iris.*:,  ol  ihe  depth  profile  i'f  xenon  for  the-.e  iwo-lo- 
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KN’ERGY(keV) 

f  :g  3  !  <  kcV  *Hc  RBS  .pectrj  c.f  610  A  of  aluminum  on  silicon  substrates  as  deposited  I  -  )  and 

xenon  impunied  *:>h  ?00  keV  energy  with  a  fixed  doseid  <  K)'  "  ions  cm  *land  two  different  dose  rates: 
Hi' 'ions  cm  -s  1 .0.  H'1 :  ions  cm  "s 


ratio  i>  very  close  to  the  aluminum-to-silicon  ratio  (except  for  a  sensitivity  factor). 
Moreover,  there  were  clear  peaks  in  the  SIMS  spectra  at  mass  numbers  27  and  28  at 
a  depth  of  1000  4000  A.  Therefore,  the  long  tail  present  in  Fig.  4  cannot  be  due  to 
background;  the  (mass  27)-to-(mass  28)  ratio  should  eliminate  the  effect  of  a  very 
small  SIMS  background  signal 


J  4  Sudeur  resonance  profiling 

The  presence  of  aluminum,  as  suggested  by  SIMS,  at  a  depth  of  4000  A  should 
be  examined  by  a  technique  which  would  be  independent  of  the  sputtering  effect.  In 
addition,  a  knowledge  of  aluminum  depth  profiles  in  surface  regions  is  important  in 
this  study.  We  have  therefore  examined  a  few  samples  by  the  NRP  technique1  . 

The  broadening  of  the  992  keV  narrow  resonance  line  of  the  “'Al(p. y):sSi 
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reaction18  has  been  observed  by  measuring  the  intensity  of  1.78  MeV  y  rays  as  a 
function  of  proton  energy.  Samples  were  tilted  to  30  with  respect  to  the  proton 
beam  and  an  NaKTl)  scintillator  detector  7.5  cm  thick  was  placed  perpendicular  to 
the  beam.  Figure  5  shows  the  results  for  850  A  of  aluminum  on  silicon  both 
unimplanted  and  implanted  wath  250 keV  energy  and  a  dose  of  101  ions  cm'2. 
Although  the  upper  limit  of  depth  resolution  of  the  system  was  about  350  A  for  the 
aluminum  target,  the  result  is  sufficiently  accurate  to  be  compared  with  the  SIMS 
data  and  the  presence  of  aluminum  on  the  surface  region  can  be  positively  proven. 

The  thickness  of  the  aluminum  film  for  the  unimplanted  sample  determined  by 
NRP  is  about  950  A  which  is  in  good  agreement  with  850  A  measured  by  RBS. 
Figure  5  indicates  that  about  80°oof  the  aluminum  film  is  sputtered  during  the  xenon 
implantation.  This  agrees  with  the  estimate  given  for  sputtered  layers  at  the  end  of 
Section  3.1.  The  presence  of  aluminum  for  the  intermixed  sample  up  to  a  depth  of 
1000  A  is  indicated.  However,  no  aluminum  can  be  seen  at  a  depth  of  4000  A.  We  can 
therefore  conclude  that  the  long  tail  present  in  Fig.  4  may  be  due  to  preferential 
silicon  sputtering  by  the  neon  beam  which  was  used  in  the  SIMS  experiment.  The 
channeling  experiment  discussed  below  will  verify  this  argument.  A  very  large 
difference  in  sputtering  rates  is  probably  necessary  to  explain  the  persistence  of 
aluminum  to  4000  A  in  the  data.  It  is  probable  that  a  very  small  amount  of  oxygen 
present  in  the  chamber  is  responsible  for  a  reduction  in  the  aluminum  sputtering 
rate. 


J  f .  Dep  th  of  surface  damage 

The  depth  of  damage  created  in  the  process  of  ion  beam  mixing  is  another 
important  point  which  has  also  been  explored.  From  backscattering  spectra  of  a 
4 He ”  beam  aligned  with  one  of  the  silicon  crystal  axes  or  planes  of  the  xenon- 
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implanted  Al  Si  system,  we  can  determine  the  surface  damage  thickness  while  the 
depth  profile  of  xenon  can  be  observed  by  a  simple  RBS  experiment.  We  studied 
unimplanted  and  xenon-implanted  Al  Si<  111)  samples  b>  means  of  the  channeling 
technique.  The  results  of  these  experiments  indicate  that  the  damage  depth  extends 
almost  exactly  to  the  greatest  depth  at  which  xenon  could  be  experimentally 
observed.  Beyond  this  the  crystalline  structure  remains  intact. 

For  example,  the  damage  created  by  the  implantation  of  xenon  with  a  dose  of 
1.1  x  K)1  and  250  keV  is  limited  to  2000  A  from  the  surface.  Therefore  we  can 
conclude  that  only  a  few  aluminum  atoms  may  have  been  recoil  implanted  to  a 
depth  beyond  2000  A  simply  because  the  integrity  of  the  crystalline  structure  beyond 
2000  A  was  retained.  It  is  well  known  that  implantation  with  a  dose  of  about  1014 
nns  cm  :  destroys  the  structure  of  crystalline  silicon  (see  for  example  ref.  19). 
Backscattered  4He  *  ions  from  the  damage  area,  from  xenon  as  well  as  from  the  as- 
deposited  aluminum  films,  did  not  show  any  angular  dependence. 

3.6.  Surface  study  hi  scanning  electron  microscopy 

Xenon-implanted  Al  Si  samples  annealed  at  room  temperature  for  a  period  ot  6 
months  were  studied  by  SFM.  Scanningelectron  micrographs  of  xenon  implanted  in 
N50  A  of  aluminum  on  silicon  are  aiven  in  Figs.  6(b)  and  6(d).  The  surface  of  the 


;  q 

b| 

h  Si  .inning  olciamn  mi(.ro>jr.iphs  of  A  of  .ilumimim  on  Si(  lit'  l.U.k  l  unmipLintcU  vtmple.il 
tmpii-  u-non  impi.inii-il  uiih  .i  Uo-.eof  I  I  .  lO'Tonum  m.!  Ni KoV  i-in-rtv  .nut  .inncalnl  .it  to 
in  ;  i:  uro  !•  r  .1  |X'i  ;od  ol  ’11  tir  t, 


40 


F.  NAMAVAR.  J.  I.  BUDNICK,  F.  A.  OTTER 


sample  is  uniform  in  texture  and  no  segregation  of  aluminum  and  silicon  can  be  seen. 
Figures  6(a)  and  6(c)  show  SEM  micrographs  of  850  A  of  unimplanted  aluminum  on 
silicon.  The  origin  of  the  white  spots  is  not  well  understood.  However,  we  tentatively 
attribute  them  to  aluminum  islands  which,  on  xenon  implantation,  vanish  tn  the 
near  surface  region. 

The  RBS  spectra  (see  Fig.  2(a))  and  NRP  results  (see  Fig.  5)  indicate  the 
presence  of  silicon  and  aluminum  respectively  on  the  sample  surface.  The  SEM 
micrographs  in  Figs.  6(b)  and  6(d)  show  that  the  surface  possesses  a  uniform  texture. 
Therefore  we  can  conclude  that  the  Al-Si  alloy  layer  produced  by  the  ion  beam 
technique  retains  its  integrity  after  a  long  period  of  room  temperature  annealing. 
This  is  in  contrast  with  the  Au-Si  system  which  decomposed  into  an  equilibrium 
mixture  of  gold  and  silicon  under  similar  conditions13. 

4.  SUMMARIZING  REMARKS 

We  have  shown  that  the  implantation  of  energetic  xenon  through  the  interface 
of  aluminum  films  on  silicon  substrates  can  induce  intermixing  For  our  samples 
whose  interfaces  were  contaminated  with  oxygen,  the  dose  of  implantation  had  to 
exceed  2  x  1 0lh  ions  cm  *  A  The  requirement  of  a  relatively  high  dose  and  the  absence 
of  dose  rate  dependence  indicate  that  recoil  implantation  is  the  most  likely  cause  of 
this  intermixing.  Surface  damage  created  during  ion  beam  mixing  is  iimited  to  the 
maximum  penetration  depth  of  xenon  ions  and  possibly  a  few  aluminum  atoms  were 
recoil  implanted  beyond  this  region.  Depth  profiling  by  SIMS  shows  some  mixing  at 
the  interface.  However,  the  depth  scale  is  not  absolute  because  of  silicon  preferential 
sputtering.  Scanning  electron  micrographs  of  the  annealed  sample  at  room 
temperature,  w  here  the  presence  of  aluminum  and  silicon  on  the  surface  was  verified 
by  NRP  and  RBS,  showed  no  texture  in  the  mixed  region,  i.e.  no  segregation  of 
aluminum  on  silicon. 

We  are  in  the  process  of  preparing  aluminum  films  on  silicon  substrates  w  ith  an 
oxygen-free  interface.  We  have  started  to  study  the  stability  of  an  Al-Si  alloy  at 
elevated  annealing  temperatures  in  order  to  understand  the  reason  for  the  stability 
of  these  layers  and  the  dependence  of  the  stability  on  the  presence  of  impurities.  As 
lateral  uniformity  and  stability  of  the  intermixed  Al-Si  are  the  most  striking  features 
of  this  work,  we  believe  that,  in  practice,  the  ion  beam  technique  can  be  successfully 
applied  to  the  production  of  Al-Si  alloy  layers  near  the  surface 
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